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Abstract 
 
It was recently proposed that the bandgap engineering of InxGa1-xN, from 0.7 eV (InN, [1]) to 3.4 eV 
(GaN), covering most of the solar spectrum, will allow III-V nitride semiconductors to be used in photovoltaic 
applications [2]. While the technology of light emitting diodes (LEDs) based on III-V nitrides is well established, 
the operation mechanism of solar cells is quite different from that of LEDs. In photovoltaic devices, the 
absorption of solar light, the generation of photo carriers and their separation, transportation and collection are all 
crucial factors. Consequently, high quality InGaN films thicker than 0.3μm are required to maximize absorption. 
As such, it is necessary to analyze their defects and valence band structures. Since InGaN films of several nm in 
thickness have been used as quantum-well layers in LEDs, the knowledge and study are needed to provide thicker 
InGaN films for photovoltaic applications. In the following, I describe the main issues of my study: 
 Deposition of InGaN thicker than 0.3μm with smooth surface, especially with InN mole fraction 
higher than 30 % in order to absorb enough solar light. 
 Evaluation of band structure and band alignment depending on the InN mole fraction in order to 
avoid band offset affecting the carrier transportation at the interfaces between p-GaN/i-InGaN/n-
GaN layers. 
 Analysis of point defects and deep-level defects in InGaN films in order to form better junctions. 
 Control of the p-type doping for GaN and InxGa1-xN films.  
 Realization of solar cell devices to analyze the photovoltaic properties of Schottky, p-n 
homojunction, and p-i-n junction using InGaN films. 
In this study, I have attempted to improve the InxGa1-xN films with respect to these issues and have 
evaluated both their electronic structures and defects for the development of photovoltaic devices. 
The thesis is composed of seven chapters. The first chapter will present the history of InGaN films 
formed by deposition, the purpose of the study, and the features of III-V nitride solar cells. The second chapter 
will present the fundamental physics for electronic and optical characterizations, and the thin-film analysis 
techniques performed in this study. The third chapter will present the MOCVD deposition technique and will treat 
the optimization of InxGa1-xN growth conditions in order to control its bandgap with high crystallinity. In the 
fourth chapter, the band structure and band alignment will be evaluated by hard X-ray photoemission 
spectroscopy. In the fifth chapter, the impurities and defect levels inside InGaN films will be analyzed. In the 
sixth chapter, the feasibility of n-GaN and n-InGaN films for photovoltaic applications will be underlined by 
Schottky devices. In the same chapter, the photovoltaic properties of improved Schottky junction, p-n 
homojunction, and p-i-n junction for InxGa1-xN films will be presented. Finally the seventh chapter, the 
conclusions section, will summarize the achievements and comments on the potential of InGaN films for 
photovoltaic devices. In the following abstract, I will summarize the main achievements of my study. 
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1. Optimization of InxGa1-xN film growth by metalorganic chemical vapor deposition (MOCVD) 
To use an InxGa1-xN film as an active layer, the material requires a controlled bandgap, a high crystal 
quality to reduce defects and carrier recombination, and high electron mobility to be able to collect the photo-
generated carriers. 
I fabricated the InGaN semiconductor by a metalorganic chemical vapor deposition (MOCVD) system. 
The InGaN crystal films display a wurtzite crystalline structure (hexagonal structure) with a c-lattice along the 
column and an a-lattice along the base. Sapphire or AlN templates are commonly used substrates for the InGaN 
crystal growth. In this work, I employed sapphire as a substrate. The ammonium (NH3), two metalorganic sources, 
trimethylgallium (TMGa) and trimethylindium (TMIn), are the sources for nitrogen (N), gallium (Ga), and indium 
(In), respectively, deposited under hydrogen (H2) or nitrogen (N2) ambient. The Cp2Mg and Si(CH3)3 are the 
common sources for p-type (Mg) and n-type (Si) dopants. The main controllable parameters for MOCVD are the 
temperature, the choice of carrier gases, and the V/III ratio of the ammonium gas to the metalorganic sources.  
Because of the lattice mismatch between the substrate and InGaN, I deposited a thick GaN epi-layer on a 
low temperature buffer GaN layer (or nucleation layer) in order to reduce the threading dislocations and reduce 
the lattice mismatch between Sapphire and GaN [3]. However, a high defect density was generated of the order of 
10
8
 cm
-2
 even with the best GaN buffer layers.  
I measured X-ray diffraction (XRD) to estimate the crystal quality, c- and a-lattices, and the growth mode 
by the full width at half maximum (FWHM) of the GaN and InGaN peaks on the XRD rocking curves. Each peak 
contains information about the thickness deposited (intensity of the signal) and the flatness between atomic layers 
(FWHM). The peak position via the 2θ-ω scan for the (002) plane gives information on the c-lattice parameter of 
the wurtzite structure, which is used to determine the amount of InN mole fraction inside the crystal from 
Vegard’s law [4]. Information about the a-lattice is given by the peak position of the 2θ-ω scan for the (101) plane. 
The difficulty of the InGaN growth lies in the fact that the high-temperature growth is necessary for high 
crystallinity but this high temperature enhances the evaporation of Indium. Thus, by reducing the temperature, 
higher In content is incorporated inside InGaN films. Due to this lower temperature, the growth rate of InGaN is 
much lower [about 3.3 nm/min (200 nm/h)] than that of GaN [about 25nm/min (~1.5μm/h)]. I underlined some 
critical points such as the carrier gases employed. For example, hydrogen used for GaN growth must be changed 
to nitrogen for InGaN growth in order to prevent the evaporation of Indium. I obtained a good crystal quality with 
a FWHM between 0.07 and 0.08 degrees for the (002) plane at a growth temperature of 1000ºC for GaN and at 
790ºC for InGaN corresponding to an InN mole fraction of 0.10. I demonstrated that a more relaxed growth 
occurs at InN mole fraction higher than 0.10 underlined by a larger a-lattice, i.e. a larger base of the hexagonal 
crystal. Thus I deposited InxGa1-xN with a high crystallinity from x = 0 to 0.10, corresponding to an optical 
bandgap from 3.4 to 3.0 eV. 
I enhanced the electron mobility by optimizing the V/III ratio between the ammonium and the 
metalorganic sources. With an NH3 flow of 7L/m (also noted sLm for standard liter per minute), I could achieve 
InGaN films with lower carrier concentration (1-2×10
17
cm
-3
). This fact could be attributed to an optimal ratio on 
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surface between each atom and its neighbors which limits the defect generation and thus reduces unintended n-
type materials. Due to this lower defect generation, the electron mobility is also affected and enhanced for higher 
InN mole fraction which is an important result for photovoltaic devices.  
The time-resolved photoluminescence (TRPL) was used to estimate the lifetime of photo-generated 
carriers. The lifetime of 0.28 ns for In0.09Ga0.91N and 0.05 ns for GaN films were measured at room temperature, 
which are longer than 0.1 ns for similar In0.12Ga0.88N structures from [5]. A particular attention should be paid 
when using TRPL because the value can be overestimated due to the excitation of defect levels.  
Regarding the crystal growth conditions, special care must be taken when the film is grown using Cp2Mg 
for p-type doping. A critical thickness of p-InGaN at higher Mg concentration with a phase separation is observed, 
which is attributed to a bigger covalent radius of Mg atoms (0.130nm) compared with that of Ga atoms (0.126nm) 
and could increase the compressive strain inside the film [6]. 
I investigated other solutions to reduce the propagation of threading dislocations from the GaN epi-layer 
until the InxGa1-xN on surface, and enhance the InN mole fraction, by fabricating multi-layer (ML) structures. I 
realized two types of multi-layer structures, AlN-GaN (2nm/50nm)x10 and InGaN-GaN (3nm/50nm)x10, before the 
InxGa1-xN growth. These structures display a slightly enhanced InGaN crystal quality for In content around 10% 
with a very smooth surface (roughness of 1.44nm for scanned area of 25 μm
2
), but do not prevent the formation of 
threading dislocation at higher In content.  
I observed different carrier concentrations inside the InxGa1-xN layer and the underlayer by capacitance-
voltage measurement, with a carrier concentration of 1.5×10
17
 cm
-3
 for In0.9Ga0.91N. Therefore, the Hall Effect 
measurement is not accurate to determine the carrier concentration inside these structures because it can only give 
an average value for the overall specific carrier concentration. 
 
2. Investigation of electronic structure for III-V nitride thin films by Hard X-ray photoemission 
spectroscopy 
In photovoltaic devices the band offset is one of the crucial issues to design solar cell structures such as p-
i-n junctions and to avoid any barrier which could affect the carrier lifetime. I employed Hard X-ray 
photoemission spectroscopy (HX-PES, measured at SPring-8) to determine the electronic structures of InxGa1-xN, 
GaN, and InN films. I characterized Ga3d-In4d , N1s, C1s, O1s core levels, and the valence band spectra. Because of 
the high kinetic energy of electrons excited by hard X-ray (5.95keV), the detection depth is about 20 nm. By 
changing the angle between the X-ray and the normal of the sample surface (also called take-off angle, or TOA), 
the detection depth can be adjustable from 20 nm (“bulk” sensitive) to 10 nm (“surface” sensitive). 
My analyses reveal a strong hybridization between Ga3d and In4d core levels when InN is alloyed with 
GaN. Furthermore at higher InN mole fraction, the valence band maximum (VBM) is shifted toward lower 
binding energy. I proposed a new approach to estimate the valence band maximum. I estimated a VBM of 2.1eV 
for GaN, which is more consistent with both the Schottky barrier height (SBH) and the build-in potential 
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evaluated at 1.2eV from C-V measurements. I estimated the band structures for InxGa1-xN materials depending on 
the In content compared with the GaN band structure. For In0.09Ga0.91N compared with GaN, a band offset of 0.2 
eV between the valence band maxima is present which can reduce the mobility of photogenerated carriers, 
especially for holes. To avoid any band offset for photo-generated carriers, a homojunction pn InGaN is thus more 
suitable. 
Because of the larger observation depth of HX-PES, the spectra contain both surface and bulk 
information reflecting the band bending on the surface. By modifying the detection depth, the core level N1s was 
shifted toward lower binding energy, underlining an upward band bending near the surface for GaN films [7]. I 
confirmed a shift of the core level N1s toward higher binding energy for InN films with a carrier concentration 
lower than ~1.0×10
18
cm
-3
 for the first time, which underlines a downward band bending [8]. This downward band 
bending for the InN film can explain the difficulty in obtaining a Schottky junction by using this material. These 
results confirmed the importance of the band structure study for the interface and junction properties realized by 
using InxGa1-xN films. 
 
3. Fabrication of Schottky junction and investigation of defect levels inside GaN and InGaN films 
a. By using transparent conductive polymers 
To demonstrate the photovoltaic effect of n-GaN and n-InxGa1-xN semiconductors, I fabricated a Schottky 
junction device using a transparent conductive polymer (TCP). I employed two TCPs: PEDOT:PSS and 
polyaniline, because of their high electron affinity (about 5.2eV, which is the same as gold), their good 
conductivity and their high transmittance for the solar spectrum of about 80% from 300 to 1500 nm. These TCPs 
are known as p-type organic materials and are electrochemically stable conjugated polymers [9]. I elaborated a 
new contact structure on GaN or InxGa1-xN semiconductors, composed of the TCP and a thin Ti/Au front grid 
(20/20nm) deposited by an e-beam evaporator. With such a structure, I realized the Schottky junction with 
excellent properties. 
For the n-GaN semiconductor, I obtained the best Schottky barrier height (SBH) of 1.15eV with a low 
ideality factor of 1.3 using PEDOT:PSS and compared it with a Schottky junction that I fabricated using a thin 
gold layer of 70Å instead. By using the front contact structure, I obtained a larger surface area of about 0.40cm
2
 
and good photovoltaic properties with an improved fill factor to about 0.70. For the InxGa1-xN semiconductors, I 
could also observe the photovoltaic properties, but they were weak. Nevertheless, I observed an enhancement of 
the external quantum efficiency for a wider spectral range of 300 to 420nm for In0.11Ga0.89N compared with the 
GaN material (300 - 375nm), which shows the potential of InxGa1-xN as an active layer in photovoltaic 
applications.  
Deep level optical spectroscopy (DLOS) analysis was performed on my best Schottky devices using n-
GaN. The signal obtained by the DLOS analysis comes from the variation of the electric capacitance of Schottky 
junctions. The deep level defects are filled with electrons with a certain bias voltage applied and they are then 
released by monochromatic excitation without a bias applied. This variation of capacitance is an unique signature 
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of a specific defect inside the material bandgap. I underlined an enhancement of Ga cation vacancies (VGa) or 
complexes associated with oxygen impurities (VGa-ON) and shallow carbon acceptors (CN) at the interface of the 
TCP and n-GaN films [10]. Unfortunately the signal obtained was weak and the specimens could also contain 
defects inside the polymer itself. To analyze in detail the deep level defects inside n-InxGa1-xN, I fabricated thick 
metallic contacts using Ti/Au layers (50/100 nm) and ohmic contacts using Ni/Au (50/100nm) deposited by an e-
beam evaporator. 
 
b. By using thick metallic contact 
Until now there have been few reports concerning deep level defects in thick InxGa1-xN films. Those 
defects could reduce the minority-carrier lifetime, increase the reverse saturation current and reduce the build-in 
potential of the junction in solar cells. In this work, thermal admittance spectroscopy (TAS), deep level transient 
spectroscopy (DLTS), and deep level optical spectroscopy (DLOS) were carried out for In0.09Ga0.91N films that I 
deposited. 
TAS measurement is a method that can detect defects located just below the conduction band (Ec). For 
my In0.09Ga0.91N device, TAS revealed two defects at a level of Ec-7meV and Ec-108meV with low capture cross 
sections. By applying a bias voltage (i.e. changing the depletion layer), the defect level of Ec-7meV appeared to be 
homogeneously distributed in the InGaN layer, while the defects at Ec-108meV should be localized near the 
surface. The first defect could be attributed to an indium fluctuation and / or nitride vacancies (VN), while the 
second one could reveal the presence of an interface state between electrodes and InGaN layers. 
DLTS measurements, which can analyze deeper defects between Ec and Ev, could underline two other 
defects at Ec-22meV and Ec-0.6eV with a concentration of about 4×10
14
cm
-3
 for both of these defects. Because 
either TAS or DLTS technique could not explain the free carrier concentration of about 1.5×10
17
cm
-3
 present in 
the InGaN layer, DLOS analysis was also performed. I observed five photoemission states for In0.09Ga0.91N 
detected at ~1.02 eV, ~1.70 eV, 2.07 eV (noted T3’), 2.70 eV, and ~3.05 eV (noted T5’) in addition to the near-
band-edge emission of InGaN and GaN at 3.2-3.4 eV. Compared with the five photoemission states already 
observed for GaN films, which were identified at ~1.4 eV, ~1.7 eV (dislocation-related defect), ~2.1 eV [T3: Ga 
vacancies (VGa; the 2
-
/3
-
 transition level) and/or the VGa-ON complex] ~2.8 eV (VGa-CN complex), and ~3.05 eV 
[T5: shallow acceptor carbon (CN)], the DLOS signal for the InGaN film was one order of magnitude higher. I 
found that the defects T3’ and T5’ were remarkably enhanced when alloying InN with GaN [11]. These defects 
contribute to enhance the electron concentration (unintended n-doping) up to about 10
17
cm
-3
 for InxGa1-xN and 
degrade the Schottky junction. 
Therefore, to enhance the carrier lifetime and improve the junction quality, technological processes had to 
be developed to reduce or electronically passivate these deep level defects. 
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4. Photovoltaic properties of Schottky and p-n junctions of InxGa1-xN 
The best photovoltaic conversion efficiency obtained by the p-i-n junction structure of InGaN materials is 
less than 2% [12], mainly because of the low crystal quality and the p-type doping. I successfully realized a 
homojunction p-n In0.10Ga0.90N revealing the following photovoltaic properties: the Voc is about 1.1 V and the Jsc 
about 0.6 mA/cm
2
 with a fill factor of 62 %. To enhance the photovoltaic properties, an intrinsic layer i-InGaN 
was necessary. With a 150 nm-thick i-InGaN layer, the Voc obtained was about 2 V, the Jsc about 0.9 mA/cm
2
 with 
a fill factor of 72 %. 
To compensate the unintended n-type material behavior, I fabricated Schottky devices using a Mg-
compensated InGaN layer on surface. During the rapid thermal annealing (RTA) of the ohmic and Schottky 
contacts, Mg atoms were activated and they compensated the unintended n-type InGaN. I achieved a Schottky 
junction with the following good properties: a Schottky barrier height of 1.18 eV, an ideality factor of 1.07, with a 
low leakage current density of 10
-8
 mA/cm
2
 at -4V bias. These enhanced properties clearly showed the ability of 
Mg to electronically compensate the defects present in the depletion layer of the Schottky junction. This fact may 
give a good perspective for future works to reach good p-n junction properties, because it is essential to know the 
diffusion profile of dopants inside the material. Indeed, secondary ion mass spectroscopy analysis revealed a high 
diffusion of Mg elements inside InGaN. A key point will be the precise control of the junction depth where the 
hole and electron concentrations are compensated for the realization of p-n homojunction InGaN.  
To conclude, I have shown the capability of InGaN semiconductor for the photovoltaic application in this 
thesis. I successfully performed the analysis of the band structure and I revealed the presence of a band offset 
between the valence bands maximum of GaN and In0.09Ga0.91N films. After optimizing the growth condition for 
InGaN epitaxial layers, I obtained promising photovoltaic properties of In0.11Ga0.89N by using Schottky junction 
devices. This device had an extended solar-spectrum absorption from 300 to 430 nm. However the photovoltaic 
properties were limited because of the generation of defects when alloying InN into GaN. The main defects were 
successfully determined such as the cation vacancies (VGa and VN) and their complexes associated with oxygen or 
carbon impurities. I found that the defects located below the conduction band at Ec-2.07 eV and Ec-3.05 eV were 
easily introduced by alloying InN with GaN for In0.09Ga0.91N films. I also showed that the Mg-compensated 
InGaN layer on the intrinsic InGaN film enhanced the Schottky junction properties and reduced the reverse 
leakage current.  
However the photovoltaic conversion efficiency of our devices is still limited under 1%. After the 
determination of defects presented in this work, further studies still need to be done in order to reduce the 
concentration of these defects or to passivate them electronically. For instance, the development of a rapid thermal 
annealing depending on the temperature and the ambient gas used, such as nitrogen or oxygen, related with the 
junction properties can open a path to post-fabrication processes for defects passivation. It may be another very 
interesting study to establish the correlation between the luminescent defects observed by cathodoluminescence 
and the rapid thermal annealing step used to clarify some defect properties depending on the ambient gas. 
vii 
The present study was successful in understanding the nature of defects generated, and the band structure 
of InGaN materials. It opens a path to future processes of defects passivation that will enhance the InGaN material 
quality for photovoltaic applications. 
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It was recently proposed that the bandgap engineering of InxGa1-xN from 0.7 eV for InN [1] to 3.4 eV for 
GaN [2], covering most of the solar spectrum, will allow III-V nitride semiconductors to be used in photovoltaic 
applications [3]. While the technology of light emitting diodes (LEDs) based on III-V nitrides is well established, 
the operation mechanism of solar cells is quite different from that of LEDs. In photovoltaic devices, the 
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absorption of solar light, the generation of photo carriers and their separation, transportation and collection are all 
crucial factors. High-quality thick InGaN films (0.2~0.3μm) are required to maximize the absorption. It is also 
necessary to analyze different brakes on the charge transport such as defects and the band structure. While InGaN 
films of several nm in thickness have been used as quantum-well layers in LEDs, the knowledge and study are 
needed to provide thicker InGaN films for photovoltaic applications. In the following, I describe the main parts 
for my study: 
 Deposition of thick InGaN films (0.2~0.3μm) with smooth surface, and control of the material 
bandgap with InN mole fraction in order to absorb enough solar light. 
 Analysis of point defects and deep-level defects in InGaN films in order to form better junctions. 
 Evaluation of the band structure and band alignment depending on the InN mole fraction in order to 
avoid a band offset affecting the carrier transportation at the interfaces between p-GaN/i-InGaN/n-
GaN layers. 
 Realization of devices to analyze the photovoltaic properties of Schottky junction, p-n homojunction, 
and p-i-n junction using InGaN films. 
In this study, I have improved the InxGa1-xN films and have evaluated both their electronic structures and 
defects for the development of photovoltaic devices. 
 
1-1 Growth history of gallium nitride (GaN), indium nitride (InN), and their 
alloy InGaN 
1-1.1 Gallium nitride (GaN)  
Gallium nitride was firstly synthesized by Johnson et al. in 1932 [4]. In 1938 Juza and Hahn determined 
the crystal structure corresponding to the wurtzite structure [5]. In 1969, Maruska and Tietjen succeeded in 
growing GaN on a sapphire substrate by hybrid vapor phase epitaxy (HVPE) [2], and they clarified that GaN had 
a direct energy bandgap of 3.39eV. 
Amano et al. achieved the first great advance in high-quality GaN growth by employing an AlN buffer 
layer (or nucleation layer) in 1986 [6]. The same team realized the second large progress in 1989 with the p-type 
doping control by using the bis-cyclopentadienylmagnesium (Cp2Mg) and the properties of the GaN p-n junction 
LED were reported for the first time [7]. In this report, the characteristics of p-GaN were hole concentration of 
2×10
16
cm
-3
, hole mobility of 8 cm
2
/Vs, and resistivity of about 35 Ωcm. 
Thanks to the improvement in the deposition technologies like the Metalorganic Chemical Vapor 
Deposition technique (MOCVD, also called metalorganic Vapor Phase Epitaxy MOVPE) and the Hybrid Vapor 
Phase Epitaxy technique (HVPE), three groups succeeded in growing high-quality GaN in a short period. The first 
group was Amano et al. in 1990 [8] who made the first observation of the room-temperature stimulated emission 
near UV from a GaN film grown by MOCVD on a (0001) sapphire substrate using an AlN buffer layer. The 
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second group was Nakamura et al. [9] who realized a new MOCVD system with two different flows. One was an 
inactive gas perpendicular to the substrate to change the direction of the reactant gas flow. N-type materials had a 
carrier concentration and Hall mobility of 1×10
18
 cm
-3
 and 200 cm
2
/Vs, respectively. And the third group was 
Khan et al. in 1991 [10] who used low pressure MOCVD. The n-type GaN obtained had a carrier concentration 
and Hall mobility of about 10
17
 cm
-3
 and 350 cm
2
/Vs, respectively, at room temperature. Khan et al. were the first 
group to publish a report of UV sensors based on as-deposited single crystal insulating GaN films in 1992 [11]. 
 
1-1.2 Indium nitride (InN) 
The first attempt to synthesize InN was made by Juza and Hahn in 1938 [5]. They obtained InN from 
InF6(NH4)3 and reported the crystal structure of InN to be wurtzite. Hovel and Cuomo had the earliest success in 
the growth of InN with some good electrical properties in 1972 [12]. They obtained polycrystalline InN films with 
highly preferred orientation grown on sapphire and silicon substrates at 25-600ºC by reactive RF sputtering. 
The previously reported large values of the bandgap, 1.8 – 2.0 eV, were explained by oxygen 
contamination and the Moss-Burstein shift [13], [14], which will be explained in Chapter 2, because of high 
electron concentration inherent to this semiconductor. More recently in 2002, J. Wu et al. reevaluated the bandgap 
of the InN to be about 0.7 eV [1] by growing high crystal-quality wurtzite-InN with an AlN buffer layer on 
sapphire substrates by molecular beam epitaxy (MBE). Lu et al. grew an high crystal-quality InN on a 200 nm-
thick AlN buffer layer by MBE, which had a Hall mobility above 800 cm
2
/Vs and a low carrier concentration of 
5×10
18
 cm
-3
 at 300 K [15]. Nanishi et al. obtained the same carrier concentration with a higher electron mobility 
of 1130 cm
2
/Vs at room temperature by using RF-molecular beam epitaxy [16]. 
Thanks to the InN bandgap reevaluation, the spectral range of nitrides covers from the UV with AlN (6.2 
eV, corresponding to 200 nm) to the infrared with InN (0.7 eV, 1770 nm), and includes the near UV with GaN 
(3.4 eV, 364nm) and the visible range with their alloys, InGaN or AlInN. Thus, the research to use InGaN films as 
active layers for photovoltaic materials was advanced. 
High-quality InN films were achieved in 2006 by Wang et al. They studied the polarity of InN films and 
reported high-quality N-polar InN films [17], and In-polar InN films grown by MBE [18]. For N-polar InN films 
grown on GaN template, they found that the growth behavior depends strongly on the growth temperature, which 
greatly influences the surface morphology. Step-flow-like morphologies and spiral growth were observed at 
temperatures higher than 540ºC with low dislocation density. The N-polar InN films grown at 470-600ºC had a 
residual electron concentration of 3.510
18
cm
-3
 with a Hall mobility of 1400 cm
2
 V
-1
 s
-1 
[17]. They also reported 
the step-flow mode growth for In-polar InN films on GaN template with a surface rms roughness less than 1nm 
over a 1010 μm
2
 area. After considering the surface electron accumulation layer on Hall electron concentration 
of 1.210
18
 cm
-3
, they estimated the residual electron concentration of bulk InN at about 5-610
17
cm
-3
. The Hall 
mobility was reported 1400 cm
2
 V
-1
 s
-1
. For these In-polar InN films, the FWHM of the (002) ω-scan was as small 
as 350 arcsec, which was close to that of the GaN template [18]. 
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1-1.3 Indium gallium nitride (InGaN) 
The InGaN films were deposited for the first time in 1972 by Osamura et al. with the technique of a 
plasma generated by electron beam on two different substrates, sapphire and quartz [19]. The layers were 
polycrystalline and the bandgap of InN was estimated at 1.95 eV, which means that the quality of the material 
fabricated was not so high. 
In 1991, Yoshimoto et al. observed the first photoluminescence of In0.23Ga0.77N films grown on a (0001) 
sapphire substrate at 800ºC by MOVPE [20]. Yoshimoto et al. studied the effect of growth conditions on the 
carrier concentration and transport properties of InxGa1-xN for an In composition 0.19 ≤ x ≤ 0.23. They observed 
that if the deposition temperature was increased from 500 to 900ºC, InGaN films grown on (0001) sapphire had a 
reduction in the carrier concentration from 10
20
 to 10
18
 cm
-3
, but the carrier mobility was increased from less than 
10 to 100 cm
2
V
-1
s
-1 
[20]. Yoshimoto et al. also observed that the indium mole fraction varied linearly with the 
group-III flow-rate ratio [TMI/(TMI+TEG)] ,where TMI stands for the flow-rate of trimethylindium and TEG for 
that of triethylgallium.  
A major improvement of the InGaN film quality was obtained by Nakamura and Mukai in 1992 [21]. 
They discovered that the InGaN film quality could be significantly improved if a thick GaN epilayer (~2μm) is 
grown by MOCVD before the InGaN film on (0001) sapphire substrate. For the InGaN film deposition, Nakamura 
and Mukai used a temperature range between 830ºC to 780ºC with a high indium flow rate of 24μmol/min 
compared with the gallium flow rate of 2μmol/min. The indium content was 14 % at 830ºC and 24 % at 780 ºC. 
Then, the InGaN films were developed for light emitting diodes (LEDs) with blue / green emission 
because of its bandgap variation depending on the indium mole fraction in an impressively fast way between 1990 
and 2000 [22]. First high-brightness blue InGaN/AlGaN-double-heterostructure LEDs with a 500-Å-thick active 
layer of Zn-doped In0.06Ga0.94N were developed in 1993 [23] and then, blue/green InGaN single-quantum-well 
(SQW) structure LEDs with a 30-Å-thick active layer of undoped In0.45Ga0.65N were developed in 1995 [24].  
Other optical devices were also achieved such as the UV InGaN/AlGaN-double-heterostructure LEDs 
using a 400-Å-thick active layer of undoped InGaN with an In composition of nearly zero [25]. An amber InGaN 
single-quantum-well structure LEDs were achieved with a 25-Å-thick active layer of undoped InGaN [26]. The 
peak of the emission spectra was 594 nm, but the exact In composition was not determined due to weak signal 
intensity in X-ray diffraction and photoluminescence measurements. The first violet laser light emission at room 
temperature was achieved with an InGaN-based multi-quantum-well (MQW) structure [27]. The InGaN MQW 
structure consisted of 26 periods of 25-Å-thick In0.2Ga0.8N well layers and 50- Å-thick In0.05Ga0.95N barrier layers. 
We should note that all these InGaN-based optical devices used very thin InxGa1-xN layers. 
These InGaN-based LEDs were fabricated by MOCVD on (0001) sapphire substrate at atmospheric 
pressure using a GaN buffer layer (300~400 Å) and a GaN epilayer (3~4 μm) before the growth of InGaN-based 
structure or InGaN/AlGaN-based heterostructures. These growths used trimethylgallium (TMG), 
trimethylaluminium (TMA), trimethylindium (TMI), monosilane (SiH4), bis-cyclopentadienyl magnesium 
(Cp2Mg) and ammonia (NH3) as Ga, Al, In, Si (n-type doping), Mg (p-type doping), and N sources, respectively. 
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The emission wavelength of InxGa1-xN-based devices is tuned by adjusting the indium content x in the 
active layer. Despite such technological developments, the InGaN semiconductor alloy inside these light emitters 
is a poorly understood material from a fundamental point of view. Most of their properties were simply estimated 
from the two binary compounds, GaN and InN. In particular, the InGaN bandgap was expected to vary between 
3.42 eV and 1.95 eV at room temperature. 
Concerning the quality of the InxGa1-xN films, S. Nakamura reported InGaN single-quantum-well (SQW) 
blue LEDs grown on sapphire substrates and on ELOG substrates [22]. “Epitaxially laterally overgrown GaN” on 
sapphire, denoted by ELOG, was developed to reduce the number of threading dislocations (TDs) in the GaN 
epilayers [28], [29]. The ELOG technique uses the lateral growth and coalescence of GaN homoepitaxial stripes 
over a SiO2 mask. By using ELOG substrates, the thick GaN epilayer (26 to 80 μm for [28] and ~5 μm for [29]) 
had a low dislocation density of ~610
7
cm
-2
 compared to 10
9
 to 10
10
 cm
-2
 range obtained for GaN epilayer grown 
on sapphire substrates. S. Nakamura reported that the InGaN (SQW) blue LEDs grown on sapphire substrates had 
a considerable amount of leakage current compared with the LEDs grown on ELOG substrates. S. Nakamura also 
clarified that the In composition fluctuation is not caused by threading dislocations. 
Chichibu et al. [30], [31] and Narukawa et al. [32], [33] already reported the spatial inhomogeneities of In 
composition in InGaN, which may act as a quantum dot. In 1997, Singh et al. found a phase separation in thick 
InGaN films (> 0.3 m) for In content higher than 30%, and realized InGaN films with In content up to 81 % 
using InGaN/GaN double heterostructures [34]. In 1999 Parker et al. determined the critical layer thickness in the 
InGaN/GaN heterostructures, which was 100 nm (65 nm) for InN mole fraction of 8 % (15%) [35]. 
In 2002, Wu et al. realized InN films with a high crystal-quality by molecular-beam epitaxy on (0001) 
sapphire substrates with an AlN buffer layer, and estimated the InN bandgap at between 0.7 and 0.8 eV [1], which 
was significantly smaller than values previously reported. Wu et al. also obtained high-quality In-rich InxGa1-xN 
films (0 ≤ x ≤ 0.5) by molecular-beam epitaxy on (0001) sapphire substrates with an AlN buffer layer (~200nm) 
[36]. The growth temperature for InxGa1-xN films was in the range of 470 to 570ºC. Wu et al. found that the 
bowing parameter of the InxGa1-xN films (0 ≤ x ≤ 0.5) was about 1.43 eV [36].  
Due to the reevaluated bandgap, InGaN films became also an interesting material for photovoltaic 
applications. But the growth technique for InGaN films established for LEDs is not sufficient for thicker InGaN 
films. The passive devices such as solar cells need higher crystal-quality. The knowledge on the nature and 
concentration of defects and the band structure is also missing.  
 
1-2 Actual status of high efficiency solar cells 
The highest conversion efficiency, about 38 %, is obtained for three-junction solar cells under one sun (i.e. 
without concentrator system) as presented by the National Renewable Energy Laboratory (NREL) [37]. These 
three-junctions are composed of different semiconductor materials (heterojunction) with higher bandgap on the 
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front surface and lower bandgap at the bottom of the solar structure in order to optimize the solar spectrum 
absorption. Because the three different semiconductors are stacked together, it is important that the 
photogenerated current match each other to avoid current losses, which is limited by the lowest current density 
among the three junctions. Figure 1-1 presents the current density matched to 20 mA/cm
2
 for each sub-cell. Thus, 
the material chosen must be close to 1.8 eV for the top surface, 1.2 eV for the middle layer, and 0.7 eV for the 
bottom layer. For example, Spectrolab Inc. from the Boeing company uses the germanium (Ge, 0.67 eV) for the 
bottom cell, gallium indium arsenide (GaInAs, 1.3-1.4 eV) for the middle cell, and the gallium indium phosphide 
(GaInP2, 1.8-1.9 eV) for the top cell [38]. 
To improve these devices, finding materials with the required bandgap becomes a major challenge. The 
InGaN films would allow fine tuning in optimization of the performance of possible four-junction or higher solar 
cells by offering flexibility in the choice of the bandgap [39]. Theoretical simulations for a six-junction InGaN 
solar cells could reach a conversion efficiency of about 40.3 % under one sun using the following bandgaps from 
the top to the bottom layers: 2.25, 1.79, 1.47, 1.19, 0.95 and 0.7 eV [39]. 
 
 
1-3 Use of InxGa1-xN films as active layers for solar cell devices 
InGaN materials for solar cell devices are still in an early stage. The material quality needs to be firstly 
enhanced in order to control the junction quality. In the following part, I will describe the advantages of InGaN 
films for active layers in solar cell devices, the necessary conditions to be reached, a concrete application of 
InxGa1-xN, and a overview of the present solar cell structures using InGaN films. 
 
Fig. 1-1: Current density engineering for each sub-cell to match the solar spectrum for a three-junction solar 
cell. 
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1-3.1 Advantages of InGaN films 
The greatest advantage of InGaN films concerns its tunable bandgap from 0.7 (InN) [1] to 3.4 eV (GaN). 
The wide bandgap range of InxGa1-xN with indium mole fraction range 0 < x < 1 covers almost the full solar 
spectrum as presented in Fig. 1-2. Compared with other semiconductor materials with a fixed bandgap value 
[except CuInGa(Se,S)], InGaN covers the largest spectrum range. The InGaN films can be used in the thin-film 
solar cell technology because InxGa1-xN displays a direct bandgap for all the InN mole fraction range, which 
allows the absorption of the solar spectrum within a thin film. This material also shows a high resistivity to 
radiation, which makes a good choice for concentrator systems or for photovoltaic energy supply in space 
applications. 
 
 
 
 
Fig. 1-2: Spectral irradiance of the normalized solar spectrum AM1.5G, and the bandgap of different 
semiconductors.  
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1-3.2 Necessary conditions 
a) Crystal quality of III-V nitride films 
The conditions necessary to use InGaN films as an active layer for photovoltaic devices can be just 
summarized by a good material quality free from dislocations. This is quite hard to realize in reality. Indeed the 
III-V nitride films show an unintended n-type material with a high electron concentration in the range of 10
17
 to 
10
18
 cm
-3
. This high carrier concentration is attributed to a high density of defects inside the grown films. These 
defects mainly come from a large lattice mismatch with the sapphire substrate, which is the principle substrate 
used for the growth of III-V nitride films. The c- and a-lattice constants correspond to the column lattice and the 
hexagonal base lattice of the wurtzite crystal. These lattice constants are presented in Table 1-1 for AlN, GaN, 
InN, and compared with sapphire’s lattice constants at 300 K. 
 
Table 1-1: Lattice constants of III-V nitride crystal compared with sapphire at 300 K. 
 AlN GaN InN [40] Sapphire (Al2O3) 
a-lattice (Å) 3.11 3.189 3.54 4.758 
c-lattice(Å) 4.98 5.185 5.70 12.991 
Band gap (eV) 6.2 3.4 0.7 9.9 
 
The defects can also be generated because of the large difference in the thermal expansion coefficient 
between the grown film and the substrate, which is presented in Table 1-2. 
 
Table 1-2: Thermal expansion coefficients for a- and c-lattice direction of III-V nitride crystal compared with 
sapphire. 
Thermal expansion 
coef. for 
AlN 
[41] 
GaN 
[41] 
InN 
[41] 
Sapphire (Al2O3) 
[42] 
a-lattice, a (10
-6
 K
-1
) 
from 3.0 (273 K) 
to 7.1 (1800 K) 
from 4.2 (273 K) 
to 5.3 (1100 K) 
from 3.0 (273 K) 
to 3.8 (600 K) 
~ 5.0 (from 20 to 
1000 K) 
c- lattice, c (10
-6
 K
-1
) 
from 2.2 (273 K) 
to 6.1 (1800 K) 
from 3.8 (273 K) 
to 4.6 (1100 K) 
from 4.0 (273 K) 
to 5.8 (600 K) 
from 6.7 (20 K) to 
9.0 (1000 K) 
 
Both the large lattice mismatch and the large difference of the thermal expansion coefficient between the 
sapphire substrate and the grown III-V nitride films generate a high density of defects. The necessary condition 
concerning the InGaN quality is to reach an unintended n-type doping level of about 10
16
 cm
-3
 by realizing the 
low defect density. 
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b) Critical thickness of InGaN films 
The light emitting diode (LED) technology was the first to find an application of the III-V nitride films. 
InxGa1-xN films as active layer were developed because of their bandgap modulation with the InN mole fraction x. 
As active devices, in which an external current is necessary, a thin film of a few angstroms or nanometers is 
sufficient to produce a light emission. For example, T. Egawa et al. used an active layer composed of an InGaN 
MQW structure [43], [44] with 3 nm-thick InxGa1-xN wells and 5 nm-thick InyGay-1N barrier layers. The typical 
indium content (In content) of the wells was 17% and 23 % for the blue and green LED, respectively [43].  
For the application to solar cell devices, the InGaN film must be 200 to 300 nm thick in order to absorb 
the solar spectrum efficiently. The critical thickness of an epitaxial layer is defined by the thickness where a 
transition from the strained growth to the partially relaxed growth occurs. The difference of mechanical properties 
between GaN and InN materials is also responsible to the critical thickness of InGaN films. There is s difference 
of Young’s modulus between GaN layer estimated at 210±23 GPa [45] and InN layer estimated at 149±5 GPa 
along a-axis [45]. The stiffness matrix elements Cij (ij = 11, 12, 13, 33, 44) are also quite different between GaN 
and InN materials as Table 1-3 presents [46].  
 
Table 1-3: Statistical values from literature data which provides complete experimental or theoretical sets of the 
stiffness matrix elements Cij. 
Wurtzite crystal C11 (GPa) C12 (GPa) C13 (GPa) C33 (GPa) C44 (GPa) 
GaN 374±4 138±4 101±4 395±5 98±3 
InN 237±7 106±4 85±3 236±6 53±3 
 
Below the critical thickness, the epitaxial layer has the same a-lattice constant as the substrate, these 
layers are called pseudomorphic. The critical thickness depends strongly on the discrepancy of a-lattices between 
the grown layer and the substrate, on the growth technique, and on properties of the deposited materials. 
Figure 1-3 describes the critical thickness of the InxGa1-xN on GaN layer as a function of the In content x 
obtained by experiments [35] and by theoretical calculation [47]. The critical thickness of InGaN decreases when 
the indium content increases. From experimental values [35], the critical thickness of In0.1Ga0.9N is about 100 nm, 
whereas it is about 60nm for In0.2Ga0.8N. This critical thickness value is much smaller than the one necessary to 
absorb the solar spectrum, that is, 200 or 300 nm. This means that thicker InxGa1-xN films generate more 
dislocations, and especially at higher InN mole fraction. Thus, the challenge to use InxGa1-xN films for 
photovoltaic devices is to find a good compromise between the crystal quality and its thickness in order to absorb 
the solar spectrum efficiently. 
In this study, I developed multi-layer structure InGaN/GaN to bypass the problem of the critical thickness 
and to avoid the propagation of threading dislocations to the upper InxGa1-xN layer while optimizing the InxGa1-xN 
film growth. 
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1-3.3 Application of InxGa1-xN films in solar cell structures 
Even if it is still difficult to have a high crystal quality for InGaN with a high In content, InxGa1-xN 
material can be used to enhance the global conversion efficiency of a multi-junction solar cell structure. Indeed, a 
sub-cell with InxGa1-xN as active layer can be inserted on the top of three-junction solar cells to absorb the solar 
spectrum at shorter wavelengths. The global conversion efficiency will be higher than a high-efficiency three-
junction solar cell, which had reached a conversion efficiency of 40.8% by using GaInP for the top cell and 
InGaAs for the middle and bottom cells [48]. Of course the photocurrent generated by the InGaN film will 
produce a current density lower than 20 mA/cm
2
, so the InGaN film must be electrically isolated by using a four-
terminal solar cell structure as represented in Fig. 1-4. The InxGa1-xN film is optically coupled to the three-
junction solar cell at the bottom. By increasing the InN mole fraction, the InxGa1-xN film will absorb the solar 
spectrum at longer wavelengths. This will generate a shadow to the three-junction solar cell. However, by using 
high crystallinity InGaN, the global conversion efficiency of such structure will be enhanced [49]. The global 
conversion efficiency is enhanced by using an InGaN film on the top of the structure (Fig. 1-5 of Ref. [49]). The 
conversion efficiency of the three-junction solar cell decreases due to the shadow of the InGaN film (absorbed 
photons). 
 
 
 
Fig. 1-3: Experimental values [35] and theoretical calculations [47] of the critical thickness of InxGa1-xN films 
as a function of the InN mole fraction x for InGaN/GaN single-layer system. Experimental results used (0001) 
sapphire substrate to grow a GaN epilayer (1μm) followed by InxGa1-xN growth. 
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Fig. 1-5: Theoretical conversion efficiency of a four-terminal solar cell structure using an InGaN film on the top 
[49]. 
 
Fig. 1-4: Structure of a four-terminal solar cell using an InxGa1-xN film on the top to absorb the short 
wavelengths of the solar spectrum. 
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1-3.4 Present solar cell structures using InGaN as an active layer 
I summarized in Table 1-4 the actual structures of solar cells using InGaN films as an active layer. There 
are mainly two kinds of structures used: the multi quantum-wells (MWQs) InGaN and the p-i-n structure using an 
intrinsic InGaN layer (i-InGaN) between n- and p-type GaN layers. 
Table 1-4: Actual situation of solar cell structures using InGaN film as active layer. The photovoltaic properties 
are presented with the open-circuit voltage (Voc), the short-circuit current (Jsc), the fill factor (FF) and the 
conversion efficiency (η). 
Structure Voc (V) Jsc (mA/cm
2
) FF (%)  (%) Light Reference 
p-GaN (300nm)/ i-In0.12Ga0.88N 
(60nm)/ n-GaN 
1.89 1.06 78.6 1.57 AM 1.5G [50] (2011) 
p-GaN (100nm)/ i-In0.11Ga0.89N 
(200nm)/ n-GaN 
2.0 0.83 75.2 1.20 AM 1.5G [51] (2011) 
p-GaN (15nm)/ p-InGaN (90nm)/ i-
In0.15Ga0.85N (240nm)/ n-InGaN 
(150nm) 
1.50 1.25 56 1.05 AM 1.5G [52] (2011) 
p-GaN (100nm)/ 50 MQWs 
In0.17Ga0.83N (3nm)/ In0.07Ga0.93N 
(0.6nm)/ 10 MQWs In0.1Ga0.9N 
(3nm)/n-GaN (3nm) 
1.78 3.08 70.8 2.5 AM 1.5G [53] (2011) 
       
p-In0.14Ga0.86N (100nm)/ i(n)-
In0.14Ga0.86N (300nm) 
1.79 0.99 52 0.71 AM0 [54] (2010) 
p-GaN (200nm)/ 30 MQWs 
In0.13Ga0.87N (2nm)/ GaN (5nm) /n-
GaN 
2.18 0.54 63 0.73 AM 1.5G [55] (2010) 
p-GaN (200nm)/ 9 MQWs 
In0.3Ga0.7N (3nm)/ GaN (17nm) /n-
GaN 
1.95 0.83 30 0.48 AM 1.5G [56] (2009) 
p-GaN (20nm)/ i-In0.02Ga0.98N 
(50nm)/ i-In0.12Ga0.88N (150nm)/ n-
In0.02Ga0.98N (200nm)/n-GaN 
1.34 1.66 64 1.42 UV [57] (2009) 
p-In0.19Ga0.81N (60nm)/ 28 MQWs 
In0.25Ga0.85N (30Å)/ GaN (40Å) /n-
GaN 
1.38 0.8 55 0.61 AM 1.5G [58] (2009) 
p-GaN (80nm)/ 5 MQWs i-
In0.4Ga0.6N (1nm)/ GaN (14nm) /n-
GaN 
0.5 0.11 51 0.03 UV [59] (2005) 
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a) Multi quantum-well (MQW) structures 
The MQW structure is a technology already well established by the Light Emitting Diode (LED) 
technology. This structure consists of an assembly of very thin layers of two materials with different bandgaps, 
and the active region which absorbs the solar spectrum is enhanced by increasing the number of layers (Fig. 1-6). 
For the MQW structure using InGaN layers, GaN layers or InGaN layers with low indium content are generally 
used for the layer with a larger bandgap. Due to the small thickness of each InGaN layers (1~3nm), it is possible 
to grow high crystal quality even with higher InN mole fraction [53]. 
 
 
MQW structures can absorb low-energy photons that the material bandgap cannot utilize due to intraband 
transitions inside the quantum wells [60]. The width and depth of the quantum wells determine the absorption 
edge and the spectral response of the MQW solar cells [61]. 
Kuwahara et al. obtained the highest efficiency of 2.5 % under one normalized solar spectrum (AM 1.5G) 
using InGaN film and MQWs structure on GaN substrate to reduce the lattice mismatch [53] to the sapphire 
substrate. This conversion efficiency for In0.17Ga0.83N, corresponding to a bandgap of 2.8 eV and a wavelength of 
440 nm, is still much lower than the theoretical efficiency estimated at 6% from Fig. 1-5. 
The MQWs structure has many interfaces, and each interface can also have a bad effect on the 
transportation of the photogenerated carriers. Thus it is also important to develop and enhance the quality of 
InGaN film to use it for thick active layers. 
 
b) p-i-n junction structure 
In p-i-n junction structure, the intrinsic i-InGaN layer has a typical thickness between 200 and 300 nm 
(Fig. 1-7). This intrinsic layer is necessary to absorb the solar spectrum and to enlarge the depletion layer between 
p-GaN and n-GaN. Since the i-InGaN layer is still a strongly unintended n-type-doped material due to the 
presence of defects, p-GaN and n-GaN layers with higher crystal quality are used to reach a good ohmic contact 
with the deposited metals.  
 
Fig. 1-6: Example of a MQW structure using i-InGaN as active layers separated by a GaN layer. 
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Recent p-i-n junction solar cells show good photovoltaic properties. For example, Shim et al. obtained a 
conversion efficiency of 1.2 % under one normalized solar spectrum (AM 1.5G) using an 200-nm-thick intrinsic 
In0.11Ga0.89N active layer [51]. This conversion efficiency is lower than the theoretical conversion efficiency 
expected, about 4%, thus other studies to understand the current losses are necessary.  
 
c) p-n homojunction structure 
The photovoltaic properties of p-n InGaN homojunction (Fig. 1-8) can be analyzed if a high crystal 
quality is obtained. However, this structure required a large depletion layer and the InGaN film is a strongly 
unintended n-type doped material with a carrier concentration of 10
17
 to 10
18
 cm
-3
. Therefore, it is first necessary 
to reduce by one or two orders of magnitude this carrier concentration to have a better control of the n-type and p-
type doping. This control is necessary to optimize the doping concentration profile, which will enhance the p-n 
homojunction property. 
 
The photovoltaic properties of the p-n junction are still poor because of recombination centers inside 
InGaN films and also because of the difficulty of p-type doping with a high hole concentration. Even if a 0.9-μm-
thick GaN epilayer were deposited on (0001) sapphire substrate before InGaN layers, the p-n homojunction 
fabricated in [62] shows poor photovoltaic properties under 360 nm illumination: Voc = 0.43 V, Jsc = 3.410
-2
 
mA/cm
2
, and a fill factor, FF = 0.57. To form the p-InGaN layer, nitrogen-ambient thermal annealing at 800ºC 
was performed for 4min, the p-type In0.18Ga0.82N has a hole concentration of about 410
18
cm
-3
 with a hole 
mobility below 10 cm
2
 V
-1
 s
-1
. The electron concentration of n-type In0.15Ga0.85N layer was above 10
19
 cm
-3
 with a 
 
Fig. 1-8: Example of p-n homojunction structure using InGaN as active layer. 
 
Fig. 1-7: Example of p-i-n junction structure using InGaN as active layer. 
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mobility above 100 cm
2
 V
-1
 s
-1
. This underlines a low Jsc due to poor quality of the n-InGaN film with high 
electron concentration, which is also a brake to the p-type doping. 
B. Jampana et al. fabricated a p-n InGaN homojunction by MOCVD on (0001) sapphire substrate [63]. 
After a 350-nm-thick n-GaN epilayer, the carrier concentration of the 45-nm-thick n-In0.16Ga0.84N layers is 
estimated at 1.0310
18
cm
-3
 with a mobility of 342 cm
2
 V
-1
s
-1
. The p-type dopant was activated at 650ºC for 20min 
under N2 ambient. The hole concentration of the 45-nm-thick p- In0.17Ga0.93N is estimated at 1.1610
18
 cm
-3
 with a 
mobility of 1208 cm
2
 V
-1
s
-1
. A concentrated AM 1.5 illumination is used to observe the photovoltaic properties: 
Voc = 1.47 V, Jsc = 0.26 mA/cm
2
, and a FF = 57%. The Voc value is quite high due to the utilization of a 
concentrator system. I noticed that even if the hole mobility was quite high in this structure due to a longer 
annealing time probably, the photovoltaic properties were largely lower than the p-i-n InGaN junction solar cell. 
Thus it is necessary to analyze the defect generation inside thick InGaN in order to understand the possible 
recombination centers present which limit the conversion efficiency. 
 
1-3.5 Issues of InGaN films for photovoltaic application 
As I presented previously, there is still a large discrepancy between the theoretical conversion efficiency 
of the InGaN films depending on the In content (Fig. 1-5) and the actual efficiency obtained with different solar 
cell structures (Table 1-4). In this section, I will present the issues of InGaN films which is necessary to study in 
order to use those films for photovoltaic application. First, I will present the challenge to grow thick InGaN at 
high InN mole fraction. The defects present inside InGaN films can contribute to recombination centers for 
photogenerated carriers. I will describe the defects observed for GaN material because few studies have been 
performed for InGaN films. A barrier potential inside the band structures of heterostructure can also be the source 
of carrier recombination or low mobility. I will describe the X-ray spectroscopy analysis realized on GaN, InN 
and their alloy InGaN films. A junction generating a depletion layer is necessary to analyze the photovoltaic 
properties but also the defect-levels present inside the material. A Schottky junction can be used to generate this 
depletion layer, without p-type doping, which simplifies the devices. A presentation of the Schottky junction 
properties obtained on InGaN films will also be described. 
 
a) Growth of thicker films 
The growth of InGaN films by MOCVD is realized on GaN thick epilayer between 1.5 and 2 μm grown 
on sapphire substrates. As the cross sectional SEM image in Fig. 1-9 shows, a 0.5-μm-thick InGaN presents two 
different growth modes with a phase separation [64]. The InGaN (1) layer is strained with the GaN epilayer and 
the InGaN (2) is relaxed and more crystallographic defects are generated. The Indium content inside InGaN (1) is 
about 6.9 %. Because of the relaxed growth mode, a higher indium content around 11.2 % is present in the InGaN 
(2) layer. 
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El-Masry et al. also reported a phase separation in 0.5-μm-thick InGaN films with an InN mole fraction 
up to 0.5 grown by MOCVD at 690 to 780ºC [65]. Single phase InGaN was obtained for the as-grown films with 
an InN mole fraction lower than 0.28. 
The dislocations inside the GaN are propagated through the InGaN layer where more dislocations are 
generated resulting in a rough surface. It will be thus important to control the InGaN thickness and find a 
compromise in order to absorb the solar spectra and to keep higher crystallinity with a smooth surface.  
 
b) GaN films and deep-level defects associated 
There is still not enough information about the defects and deep levels generated when alloying InN with 
GaN. Meneghini et al. reported the deep levels involved inside InGaN-based laser diode emitting at 405 nm [66]. 
Defect levels, located at 0.35-0.45 eV below the conduction band, were reported by deep-level transient 
spectroscopy (DLTS). These defects are related to thin layers of InGaN inside the multi-quantum-well structure of 
the LED, but no information is found about the deep-level defects inside a thick InGaN film.  
However the defects and deep levels associated inside the GaN layer have already been investigated. Two 
Main defects were observed for the GaN layer, located at 0.20 meV, or 0.20-0.35 eV below the conduction band. 
Although their nature is still controversial, these defects could be related to nitride vacancies (VN) [67], [68]. The 
other defect located at 0.5-0.62 eV below the conduction band is the deepest defects for GaN and was already 
often reported with different descriptions such as a point defect nature [69] or an isolated defect probably related 
to the gallium vacancies (VGa) [70]. However, the nature of defects is also difficult to determine precisely because 
of the generation of complex impurities of VGa or VN associated with oxygen or carbon. I will summarize the main 
 
Fig. 1-9: Cross sectional SEM image of InGaN/GaN film grown on sapphire substrate (scale 200 nm) [64]. 
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parameters (localization, concentration, capture cross section) of deep-level defects reported by previous studies in 
Chapter 5 Table 5-3. 
The gallium vacancies (VGa) and nitride vacancies (VN) are known to contribute to unintended n-type 
GaN materials. It is important to study these deep levels in order to know about their concentration and their 
nature. In this way, new techniques can be developed to reduce their concentration or to passivate these defects 
electronically. Furthermore, for photovoltaic application, the junction quality is a crucial point to improve the 
properties. If some defects are present, the depletion layer will be reduced (Fig. 1-10), which will decrease the 
open-circuit voltage (Voc), the shunt resistance and the conversion efficiency. 
 
 
 
c) X-ray photoemission spectroscopy for band offsets and band alignments 
Another crucial issue is the carrier transportation when considering a heterojunction material. As Fig. 
1-11 presents, the band alignment between p-GaN and i-InGaN needs to be investigated because of the presence 
of a barrier. This barrier can be a brake for photogenerated carrier, and especially for the hole transportation with a 
lower mobility than electron. Therefore, the determination of the valence band maximum (VBM) depending on 
the InN mole fraction needs to be evaluated. 
Veal et al. already reported the InN mole fraction x dependence of the Fermi-level pinning at the oxidized 
(0001) surfaces of n-type InxGa1-xN films with an InN mole fraction range of 0 ≤ x ≤ 1 [71], and 0.39 ≤ x ≤ 1 [72], 
by using high resolution X-ray photoemission spectroscopy (XPS). They observed a shift of the valence band 
maximum (VBM) to lower binding energy when the InN mole fraction increases. For InN films, they reported a 
VBM at 1.34±0.20 eV below the Fermi level (EF) with a bandgap estimated at 0.7 eV for InN films. This VBM 
position means that the conduction band minimum (CBM) is located at 0.76 eV also below the EF. Veal et al. 
reported that the EF is located above the CBM for InxGa1-xN films with an InN mole fraction range 0 ≤ x ≤ 0.3. 
 
Fig. 1-10: Illustration of the depletion layer width with and without the presence of defects inside. 
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The free electron densities reported have a range from 310
19
 cm
-3
 to 110
18
cm
-3
, with an electron mobility range 
from 20 to 950 cm
2
 V
-1
 s
-1
. These free electron densities are quite high with poor mobility at high concentration 
which could indicate a high defect concentration. Furthermore, a tail on the valence spectrum could indicate a 
possible wrong evaluation of the VBM. 
In this study, I measured the valence band spectra of InxGa1-xN at various InN mole fractions and I 
estimated the VBM by using a hard x-ray photoemission spectroscopy to clarify the effective position of the EF 
depending on the InN mole fraction. 
 
d) Schottky junction on InGaN films 
Schottky junction devices are employed to fabricate a depletion layer. The main advantage of such 
devices is that the formation of a p-type doped layer is not necessary. I described previously the difficulty to 
control the p-type doping for InGaN films due to their high unintended n-type material. 
Previously Schottky solar cell devices using the PANI (polyaniline) as transparent conductive polymers 
on n-GaN were fabricated [73]. These devices revealed high Schottky properties with a Schottky barrier height of 
1.28 eV and an ideality factor of 1.22. These devices also revealed a high Voc of 0.70 V, a Jsc of 6.710
-1
 mA/cm
2
, 
with a poor fill factor of 0.57 under AM 1.5 illumination. The poor fill factor obtained was the result of a high 
series resistance of the devices. 
Another TCP, the PEDOT:PSS, was also reported to fabricate Schottky solar cell devices on n-GaN [74]. 
The Schottky properties of the PEDOT:PSS/n-GaN devices revealed a low reverse leakage current less than       
10
-8
A/cm
2
 compared with the PANI/n-GaN devices of about 10
-7
 A/cm
2
 at -3 V. Thus the Voc of the 
 
Fig. 1-11: Schema of the depletion layer width with and without the presence of defects inside. 
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PEDOT:PSS/n-GaN could reach 0.7 – 0.8 V under AM 1.5 illumination. For both devices presented in [73], [74] 
the n-GaN had a high crystal quality with a low carrier concentration of about 6.310
17
cm
-3
.  
Transparent conductive polymers as Schottky junction for n-GaN are promising with a high work 
function of 5.2 eV [74], same as gold, to realize high Schottky contact properties on n-GaN or n-InGaN. However, 
the active area of those devices is very small (1 to 7 mm
2
), and no photovoltaic properties were reported yet using 
high quality InGaN films. Furthermore, the time stability of the Schottky and photovoltaic properties needs to be 
clarified. Further device improvements are still necessary to observe the photovoltaic effect from n-InGaN films. 
I developed new Schottky solar cell devices using TCP on n-GaN and n-InxGa1-xN films to increase the 
fill factor, the conversion efficiency and the time stability of Schottky solar cell devices. The photovoltaic 
properties of n-GaN and n-InxGa1-xN films using these devices will be reported and compared in term of solar 
spectrum absorption. 
 
1-4 Composition of the thesis 
Corresponding to the actual issues of InGaN film, my thesis is composed of seven chapters. The history 
of the growth of GaN, InN and their alloy InGaN films, the purpose of the study, and the features of InGaN solar 
cells were presented in this first chapter. 
The second chapter will present the fundamental physics for p-n junctions, Schottky junctions with their 
theoretical limits. The thin-film analysis techniques performed in this study, the optical and electronic 
characterization will also be described. 
The third chapter will present the MOCVD deposition technique used to grow the InGaN films on (0001) 
sapphire substrate. I will describe a detailed optimization of the crystal growth to reach a high crystal quality with 
a bandgap modulation depending on the InN mole fraction. The optimized conditions for the crystal growth 
enhance the electronic properties, decrease the free carrier concentration of the unintended n-type InGaN. This 
optimization will be favorable for the fabrication of InGaN-based Schottky and p-n junctions with enhanced 
photovoltaic properties. 
In the fourth chapter, the band structure will be evaluated by hard X-ray photoemission spectroscopy 
(HX-PES, Spring 8 facility). I will present the valence band spectra for InxGa1-xN with an InN mole fraction range 
of 0 < x < 0.21. I will describe a new method to estimate the valence band maximum of GaN which corresponds 
well to the build-in potential estimated by capacitance-voltage measurement. This method will also be used to 
estimate the VBM of high quality InN films deposited by MBE with a low carrier concentration range from 
510
17
 to 510
18
 cm
-3
. Our analysis shows that for lower carrier concentration the Fermi level of the InN 
semiconductors is located inside its bandgap, below the conduction band, contrary to previous studies. 
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In the fifth chapter, the impurities and deep-level defects inside a 200-nm-thick unintended n-type 
In0.09Ga0.91N films will be analyzed by three different techniques, the deep-level transient spectroscopy (DLTS), 
the thermal admittance spectroscopy (TAS) and the deep-level optical spectroscopy (DLOS). Due to these three 
different characterizations, the shallow- and deep-level defects will be presented for the first time. I will also 
describe a detailed fabrication process of Schottky junction devices using In0.09Ga0.91N with its electronic 
characterization. 
In the sixth chapter, I will present the feasibility of n-GaN and n-InGaN films for photovoltaic 
applications. GaN and InGaN Schottky solar cells using two different transparent conductive polymers (TCP), the 
PANI (polyaniline) and the PEDOT:PSS, will be described. I will present a new Schottky solar cell device using a 
thin metallic layer deposited on the n-GaN or n-InGaN in order to enhance the active area of the solar cell and the 
ohmic contact on the TCP. By using this new device, the Schottky and photovoltaic properties showed good 
stability over time. From the optimization of InGaN growth, the n-p homojunction InGaN could be realized and 
compared with a p-i-n junction InGaN. 
Finally the seventh chapter, the conclusions section, will summarize the achievements and comment on 
the potential of InGaN films for photovoltaic devices. 
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This chapter presents the principle of photovoltaic cells and their critical parameters are presented for the 
p-n junction and the Schottky junction, then the theoretical limits of these parameters are described. This is 
followed by a presentation of the different characterization techniques in order to estimate the crystal quality, the 
optical and electronic properties. 
 
2-1 Principle of photovoltaic cells and presentation of critical parameters 
The following section will present the principle of photovoltaic cells with the interaction between 
radiation and materials. The theory of the p-n junction with the introduction of critical parameters, electrical 
characteristics, and the different losses in the structure will be approached.  
 
2-1.1 Structure of solar cells and interaction between radiation and matter 
The principle of photovoltaic cells is to generate an electrical current by absorption of the radiation 
energy of the solar spectrum. A photovoltaic system is composed of an absorbent material in the range of the solar 
spectrum and a structure for collecting charges. The most employed material is silicon for its semi-conductor 
properties, which allow the absorption of light and the generation of electron-hole pairs. To be usable, these pairs 
must be generated and separated inside the bulk of the material. The separation of these pairs is possible thanks to 
the presence of an internal electric field created by the fabrication of a p-n junction (Fig. 2-1).  
A photon of wavelength λ is associated with energy equal to 
 
)(
24,1
)(
µm
hc
heVE

  , (2-1) 
with h the Planck constant (4.14×10
-15
 eV s), c the velocity of light in vacuum (2.9910
8
 m s
-1
), υ the photon 
frequency (s
-1
) and λ the wavelength (m). 
The incident photons are absorbed by the material. The Lambert law describes this phenomenon: 
where I0 and I are the incident and transmitted light intensity, respectively, z (μm) the absorption depth, α the 
absorption coefficient (cm
-1
) depending on wavelength λ, and k the extinction coefficient of the material. 
 
 )exp(0 zII   , (2-2) 
with: 



k4
)(  , (2-3) 
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The choice of material is crucial for the absorption of the radiation. The material employed must be a 
semiconductor, defined with a specific energy gap (Eg) between the valence band and the conduction band. 
Contrary to a metal with a high conductivity or an insulator, the absorption of energy equivalent to the bandgap of 
the semiconductor allows an electron to break its binding energy from the valence band and create an electron-
hole pair. 
An incident photon with radiation energy lower than the bandgap of the semiconductor will not be able to 
transfer its energy and the semiconductor will be transparent for the corresponding wavelength. Photon with 
higher energy will be absorbed and will generate electron-hole pairs inside the semiconductor. A part of its energy 
will be used to break the binding energy of a valence electron, and the excess energy will be transformed into 
thermal energy and will create a collective excitation in the lattice material, so called phonons. The free carriers 
generated will be able to participate in the photoelectric current. 
The interaction between radiation and the matter modifies the thermodynamic equilibrium. An excess of 
carriers is generated between the photo-generation rate (G) and the recombination rate (R). The minority carriers, 
electrons for a p-type material and holes for an n-type material, move (diffuse) to the depletion layer due to a 
concentration gradient. Indeed, electrons and holes tend to diffuse from region of high concentration to regions of 
low concentration. Then the carriers are accelerated by the electric field (E) near the depletion layer, and reach the 
other area where they are majority to participate in the photogenerated current. In the following part, the principle 
of p-n junctions will be introduced. 
 
2-1.2 The p-n junction 
The p-n junction, realized by doping, is the main element in solar cells. For the same voltage, a large 
current can flow in one direction through the diode and a very small current in the other direction. This property is 
due to the existence of a depletion layer (or space charge region) at the p-n interface. 
 
Fig. 2-1: Illustration of the operating principle of a solar cell. 
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a) Equations for the physics of semiconductors 
Three equations describe the transport of charges inside a semiconductor, which were given by W. 
Shockley: 
- Poisson’s equation 
- The equations of drift current under the effect of an electric field 
- The equations of continuity concerning the phenomenon of generation and recombination of charges 
The Poisson equation links the divergence of the electric field (E) with the density of volume charges (ρ). 
The charges in a semiconductor are the electrons (n) in the conduction band (negative charges), the holes (p) in 
the valence band (positive charges) and the doping impurities. The donor impurities have a net positive charge 
because they give an electron (  
 ). And the acceptor impurities have a net negative charge because they catch an 
electron (  
 ). We can write the following expression [1]: 
For the axis x: 






x
E
Ediv

 with )(
  AD NNnpq , (2-4) 
where ε is the electrical permittivity of the material (for silicon ε = 1×10
-12
F/cm, and for GaN εs = 9.58.810
-14 
F/cm = 8.410
-13 
F/cm [2–4]), and q the elementary charge (q = 1.610
-19
 C). Furthermore, the majority of donors 
and acceptors are ionized, so we can write:   
    ,  
     with    and   the total density of donors and 
acceptors. 
The electrons and holes contribute to the current density J (A/cm
2
) by two phenomenons: the drift current 
and the diffusion current. The drift current is due to the electric field generated by the p-n junction. The diffusion 
current arises from the concentration gradient of the existing charges between the depletion layer (or space charge 
region) and the quasi-neutral areas. The following equations of the current density are the sum of the two 
phenomenons for each carrier, the first term describes the drift current and the second term the diffusion current: 
For electron: nqDnqnqDEnqJJJ nnnn
diff
n
drift
nn  
.
. (2-5) 
For hole: pqDpqpqDEpqJJJ pppp
diff
p
drift
pp  
.
, (2-6) 
with µn,p : the electron or hole mobility (cm
2
 V
-1
 s
-1
) 
 Dn,p : the diffusion coefficient for each carrier type (cm
2
 s
-1
) 
 n, p : the concentration of free electrons and free holes respectively (cm
-3
) 
 ϕ: the electrostatic potential ( E ) 
The continuity equations provide information about the carrier concentration. These equations are 
obtained by writing the charge conservation in a volume element during time “dt”. When there are charge 
injection and / or recombination in this volume, the continuity equations are also functions of the generation rate 
(G) and recombination rate (R). The net generation rate (G), created by external processes such as illumination by 
  
 
- 30 - 
light, and the net recombination rate (R) contribute to the current density. Under steady-state conditions the net 
rate of increasing carriers must be zero so that [1]: 
for electron: 
dx
dJ
q
RG
dt
dn n
n
1
0  , (2-7) 
for hole: 
dx
dJ
q
RG
dt
dp p
p
1
0  , (2-8) 
with  G : the optical generation rate of electron-hole pairs. 
 Rn, Rp : the global recombination rate of these carriers, which is a sum of the radiative recombination, the 
Auger recombination and the Shockley-read-hall recombination presented on page 47. 
 
b) The p-n junction in thermodynamic equilibrium 
A p-n junction is composed of two areas inside a semiconductor. In the p-type area, the semiconductor is 
doped with acceptors due to their deficit of valence electrons. In the n-type area, the semiconductor is doped with 
donors due to their excess of valence electrons.  
The balance of carrier density is presented in Table 2-1 [1]. The majority carriers are denoted by nn0 and 
pp0 in the n-type and p-type part, respectively, the subscript 0 indicates the case of the thermodynamic equilibrium. 
 
Table 2-1: Carrier density in the n-type and p-type parts of doped semiconductor 
Carriers Carrier density in n-type (cm
-3
) Carrier density in p-type (cm
-3
) 
Majority carriers Electrons:        Holes:        
Minority carriers 
           
   
Holes:     
  
 
  
 Electrons:     
  
 
  
 
 
I assume a perfect contact between the n-type and p-type parts with an abrupt junction. At the interface, 
the majority electrons in the n-type will diffuse and recombine in the p-type part (Fig. 2-2(a)). In the same way, 
the majority holes in p-type will recombine in the n-type part. Thus, the atoms of acceptors and donors will be 
ionized near the p-n interface. These ions create an electric field (E) from n-type to p-type. An area without free 
carriers will be generated, which is called the depletion layer or space charge region (Fig. 2-2(b)). 
Because of the electric field, the flow of minority carriers is promoted: the electrons from the p-type are 
accelerated in the n-type, and the holes from the n-type are accelerated in the p-type. This flow of minority 
carriers is opposite to the diffusion flow of majority carriers. A thermodynamic equilibrium will be generated 
between the drift and diffusion flows. 
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Figure 2-2(a) illustrates the recombination of minority carriers at the interface. Figure 2-2(b) presents the 
p-n junction composed of three areas: two areas of n-type and p-type (quasi-neutral regions at the thermodynamic 
equilibrium) and the depletion layer. 
Inside the depletion layer, the Fermi levels of the n-type and p-type areas balance, which induces a band 
bending (Fig. 2-2(c)). A potential difference (VD) appears which explains the generation of the electric field. This 
potential between both areas forms a barrier potential (height: qVD) balancing the diffusion of carriers. This barrier 
potential blocks the electrons to diffuse in the p-type region, and the holes to diffuse in the n-type region. 
 
 
Fig. 2-2: Representation of p-n homojunction at thermal equilibrium: (a) and (b) inside the material with the 
formation of the depletion layer, and (c) the electronic band structure. 
  
 
- 32 - 
2-1.3 Electrostatic Characteristics 
In the following, the electrostatic characteristics of p-n junctions will be described. These characteristics 
include the diffusion potential (VD), the expression of the electric field inside the depletion layer and the depletion 
layer thickness as functions of the dopant concentration. 
a) Diffusion potential (VD) 
The electrostatic characteristics can be deduced from the charge flows by considering the electron and 
hole flows equal to zero in the thermodynamic equilibrium: 
 0 pn JJ .  
The expression of the diffusion potential VD can be deduced from the equation of the current density (2-5) : 
 0 nqDEnqJ nnn  . (2-9) 
From Einstein relation: mV
q
kTDD
p
p
n
n 26

at 300 K, (2-10) 
with: k = 1.38×10
-23
 J K
-1
, the Boltzmann constant 
 T : the temperature (K) 
 q =1.60×10
-19
 C, the elementary charge 
By integrating Eq. (2-9) at 
bounds of the depletion layer: 








 

)(
)(
ln
p
n
x
x
x
x
D
xn
xn
q
kT
n
dn
q
kT
dxEV
n
p
n
p
  
From Table 2-1, Dn Nxn )(  and 
A
i
p
N
n
xn
2
)(    
The diffusion potential can be written in the following form: 
 








2
ln
i
AD
D
n
NN
q
kT
V  (2-11) 
Thus we can write the variation of carriers as a function of the diffusion potential at equilibrium [1]: 
 
D
iD
pn
N
n
kT
qV
pp
2
00 exp 





  (2-12) 
 
A
iD
np
N
n
kT
qV
nn
2
00 exp 





  (2-13) 
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b) Expression of the electric field 
The calculation of the electric field is realized by integration of Poisson’s equation for the two regions 
inside the depletion layer. I made the hypothesis that there is no free carrier in the depletion layer. 
Table 2-2: Expression of the electric field E inside the depletion layer. –xp and xn are defined as the borders of the 
depletion layer: -xp in the p-type area, and xn in the n-type area (Fig. 2-2) 
 p-type area (-xp < x < 0) n-type area (0 < x < xn) 
Charge density NA ND 
Charges -q× NA +q× ND 
Poisson’s equation from 
Eq. (2-4) 
ANq
dx
dE 
  

DNq
dx
dE
  
Expression of E   Ax
Nq
xE A 




 


   Bx
Nq
xE D 







 
Bounds condition 
(to determine the constants) 
  0 pxE    0nxE  
Final expression of E    pA xx
Nq
xE 



    n
D xx
Nq
xE 

 
 
The condition of continuity for the electric field at x=0 require the following relation: 
 DnAp NxNx  . (2-14) 
Thus, to conserve the electric neutrality, the depletion layer enlarges upon the lightly doped region. 
 
c) Thickness of the depletion layer 
The following expression appears after writing the potential difference between –xp and xn: 
      


n
p
x
x
pnD dxxExVxVV ,  
  22
2
nDpAD xNxN
q
V 

. (2-15) 
Combining Eq. (2-15) with the relation (2-14), I can have an expression of xp and xn as functions of the diffusion 
potential VD [1]: 
D
DA
DA
D
n V
NN
NN
qN
x 


21
 
D
DA
DA
A
p V
NN
NN
qN
x 


21
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The thickness of the depletion layer is W = xn+xp : 
 
D
DA
DA V
NN
NN
q
W 


2
 (2-16) 
We can perform the following calculation to make an estimation of the thickness of the depletion layer: 
For the case of a typical p-n junction inside silicon: 
T=300 K  kT/q = 2.6×10
-2
 V 
ND= 10
20
 cm
-3
  ni = 10
10
 cm
-3
 (for Si) 
NA= 10
16
 cm
-3
  εSi = 10
-12
 F/cm 
For a typical p-n junction inside silicon the diffusion potential is about VD ≈ 0.95V, and the thickness of the 
depletion layer is about W ≈ 0.35µm. 
 
For the case of a p-n junction inside GaN, at the same temperature: 
ND= 10
16
 cm
-3
  ni : calculated below for GaN 
NA= 10
18
 cm
-3
  εGaN = 9.5×8.85×10
-12
 = 0.84×10
-12
 F/cm 
Calculation of the intrinsic carrier concentration ni inside GaN: 
 






 

kT
E
NNn
g
VCi
2
exp  (2-17) 
With Nc and Nv the effective density of state at the conduction band and valence band edges 
 
2/3
2/3
2
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2 TM
h
kTm
N C
e
C 
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




, (2-18) 
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kTm
N hV 









, 
(2-19) 
where me
*
 and mn
*
 are the density-of-state effective mass for electrons and holes, respectively, MC is the number 
of equivalent minima in the conduction band [5]. For wurtzite GaN material, NC and NV are estimated at NC ~ 
4.310
14
T
3/2
 cm
-3
 and NV ~ 8.910
15
T
3/2
 cm
-3
, thus at 300 K the intrinsic carrier concentration inside GaN is ni ~ 
1.410
-8
cm
-3
, which is in the same order as 10
-8
 ~10
-9
 cm
-3
 from [6]. 
The estimated thickness of the depletion layer for GaN material is estimated at W ≈ 0.56 µm by using Eq. 
(2-16) with a diffusion potential of 2.96 V [Eq. (2-11)]. This estimated thickness is pretty wide because I chose a 
donor concentration of about 10
16
 cm
-3
, which can correspond to a very high crystal quality. If the donor 
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concentration is about 5×10
17
 cm
-3
, the depletion layer thickness becomes W ≈ 0.10 µm. I plotted the depletion 
layer width W of GaN material as a function of the donor concentration ND at 300 K depending on the acceptor 
concentration NA in Fig. 2-3. In my example, the donor concentration ND corresponds to the unintended n-type 
doping observed in GaN films, and the acceptor concentration NA corresponds to the p-type doping. As Fig. 2-3 
shows, the depletion width decreases exponentially when the donor concentration increases.  
To fabricate a solar cell device using GaN or InGaN, it is thus very important to decrease the unintended 
donor concentration to enhance the thickness of the depletion layer.  
 
2-1.4 Junction under polarization 
A potential difference modifies the diffusion potential VD existing at equilibrium when a voltage “V” is 
applied at the bounds of n and p areas. An energy gap “-qV” is generated between the Fermi levels of the quasi-
neutral regions n and p, and the total potential difference becomes “VD-V”.  
The polarization is direct for V positive: the potential difference and the electric field across the depletion 
layer decrease. There will consequently be a lower drift current and a higher diffusion current. This global 
diffusion current from p to n regions is important because it is formed by extraction of majority carriers. 
The polarization is indirect for V negative: it is the case of a solar cell under illumination. The potential 
difference is enhanced and the electric field increase. There is an enhancement of the drift current and a lower 
 
Fig. 2-3: Theoretical calculation of the depletion layer width W for GaN in function of the donors 
concentration ND, the acceptor concentration NA is fixed at 10
16
, 10
17
, 10
18
 and 10
19
 cm
-3
and the temperature 
at 300 K. 
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diffusion current. This global conduction current from n to p regions is low because it is formed by the minority 
carriers. If the voltage applied between n and p is strong, there will be no more minority carriers inside the quasi-
neutral regions and a saturation of the current will appear. 
The new expression of the minority carrier concentration is [1]: 
for hole (n region) 












kT
qV
N
n
kT
qV
pp
D
i
nn expexp
2
0 , (2-20) 
for electron (p region) 












kT
qV
N
n
kT
qV
nn
A
i
pp expexp
2
0 . (2-21) 
The concentration of minority carriers at the boundary of the depletion layer changes exponentially with the 
applied voltage V. 
 
a) Calculation of the diffusion current in the quasi-neutral regions under dark condition 
Electrons generated thermally in the p region are diffused to the depletion layer by a concentration 
gradient, and then they are accelerated in the n region due to the electric field. The same process occurs for holes 
generated in the n region, which are diffused then accelerated to the p region. Thus, a diffusion of electrons and 
holes far away from the depletion layer exists. 
To estimate the diffusion current inside the quasi-neutral region, I consider the electric field far away so 
that the perturbation due to the electric field becomes negligible. In this case, only diffusion current is present, Eq. 
(2-5) and Eq. (2-6) become: 
for electron 
x
n
qDJ nn


 , (2-22) 
for hole 
x
p
qDJ pp


 . (2-23) 
Under low-level injection (p = n << ND, NA), the recombination rate (for the case of hole here) can be written 
in the following form: 
 
p
tt
p
p
ppp
R

)0()( 


 , (2-24) 
with  τp the lifetime of hole (from ns to s). 
Considering these results substituted inside the continuity equation, Eq. (2-7), we obtain for a steady-state 
 
  
  
    and under dark condition (so Gp=0, there is no generation rate): 
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p
p p
dx
dJ
q 


1
,  
with Jp given by Eq. (2-23): 
p
p
p
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p
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2
,  
furthermore 
x
p
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p
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


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22
2
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p
x
p 



. (2-25) 
Lp characterizes the diffusion length for the hole, which can be written in the following form: 
  pnpnpnpn
q
kT
DL ,,,,  . (2-26) 
The diffusion length is a very important parameter for the photovoltaic cells. If this value is high, it means that 
less recombination occurs in the bulk and on surface of the semiconductor, and a better efficiency to collect the 
photogenerated carriers is possible. 
A general solution of Eq (2-25) is: 
 pp L
x
L
x
eBeAp


. 
 
We use the boundary conditions to find the constants A and B: if x tends to the infinity p must stay at a finite 
value, which means that A must be equal to zero. For x = -xn ,   kT
qV
nn epBxp 0 , thus, a particular solution 
of the differential equation is written: 
 p
p
L
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 100 . (2-27) 
Now that we know the concentration of minority carriers inside the quasi-neutral regions, the diffusion current can 
be deduced by substituting the expression of pn(x) in Eq. (2-23): 
for hole   p
n
L
xx
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In the same way, for electron   n
p
L
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0
. (2-29) 
The carrier density is low in the depletion layer so we made the hypothesis that there is no recombination inside. 
The electron and hole density at the boundary of the depletion layer is thus constant. We have at the boundary of 
the depletion layer x = xn for the n side and x = xp for the p side, so we can write: 
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The global current density under dark condition can be written by the sum of the current densities of charges [1]: 
 pndark JJJ  ,  
 







 10
kT
qV
dark eJJ  with 








n
pn
p
np
L
nqD
L
pqD
J
00
0 , (2-31) 
by using Table 2-1 : 
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J0 is the saturation current density for an ideal p-n junction. The saturation current density is a very important 
parameter affecting the open circuit voltage (Voc). In the part of the electrical characterization, I underlined that 
the lowest saturation current is necessary to optimize Voc. 
 
b) Influence under illumination 
To observe the influence under illumination, we must take the previous case with a generation rate (G 0). 
In this case, Eq. (2-25) is written for holes: 
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If we suppose that the ratio G/D is a constant, a general solution is: 
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Because the boundary conditions do not change, the following solution is obtained: 
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As before, the recombination inside the depletion layer is negligible, however we must take into account the 
generation of the electron-hole pairs. From Eq. (2-34), only the term inside the bracket is not constant and is a 
function of the current density because of the voltage V. In a general way, the contribution of the electron-hole 
pair generation reduces the current density to a value denoted by Jph [1]: 
 ph
kT
qV
ill JeJJ 







 10 . (2-35) 
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This equation is the characteristic current-voltage of an ideal p-n diode. In the following section, we will study 
this property under illumination and under dark condition. I represented in Fig. 2-4 the I(V) curves characteristic 
under dark condition and under illumination. 
 
2-1.5 Electrical characteristics 
As I previously demonstrated, the characteristic I (V) of a p-n diode under illumination can be written [1]: 
 L
nkT
qV
IeII 








 10 , (2-36) 
with n, the ideality factor of the diode. For an ideal case n = 1. 
 
Fig. 2-4: Characteristic current-voltage under dark condition (dotted black) and under illumination (red). 
 
Fig. 2-5: Characteristics current-voltage (red) and power-voltage (blue) for a solar cell under illumination. 
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As presented in Fig. 2-5, the characteristic I(V) is necessary to extract the most important parameters of 
photovoltaic cells. 
 The short-circuit current Isc (A): 
This current is defined for a voltage equal to zero. The short-circuit current corresponds to the 
photogenerated current under illumination. It is usual to speak about the short-circuit current per centimeter square 
(current density) denoted by Jsc (mA/cm
2
) to compare solar cells of different sizes. 
 The open-circuit voltage Voc (V): 
This voltage is defined for a current equal to zero. In this case from Eq. (2-36), the voltage can be written 
as follows [1]: 
 







 1ln
0I
I
q
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 The maximal power P (W): 
The maximal power of a solar cell is defined for a voltage VMP and a current IMP.  
 The fill factor FF (without unit): 
The fill factor refers to the structure quality and is defined as follows [1]: 
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M
IV
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
 . (2-38) 
It corresponds graphically to the ratio between the areas VMP×IMP and Voc×Isc.  
 The conversion efficiency η (without unit): 
The conversion efficiency is the main parameter to evaluate solar cells, the process quality, and the 
material quality. The conversion efficiency is defined by the ratio between the electric power generated and the 
incident light power (Pill). The conversion efficiency is written [1]: 
 
ill
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ill
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P
IVFF
P
P 
 . (2-39) 
 The series resistance (Rs): 
The influence of the series resistance in the I(V) characteristic is located at open-circuit voltage (high 
voltage), in ideal case the series resistance is null and the I(V) curve follows a vertical line from Voc. The larger 
the series resistance is the more seriously the fill factor will be reduced. The sources of the series resistance are 
found in all the resistive losses of the solar cell device. Firstly in the resistivity of the quasi-neutral regions, in the 
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lateral ohmic losses, in the contact resistance of the front and rear metallic contacts and finally the resistivity of 
the metallic contacts themselves. The value of the series resistance must be as small as possible. 
 
 The shunt resistance (Rsh): 
The shunt resistance influences the I(V) characteristic at low voltage at the short-circuit condition, for 
ideal case, the shunt resistance is infinite and the I(V) curve follows a horizontal line from Jsc. The smaller the 
shunt resistance is, the more seriously the fill factor will be reduced. The shunt resistance considers all the short-
circuit phenomena of the p-n junction. The value of the shunt resistance must be as high as possible. 
 
2-1.6 Equivalent electric circuit of solar cells 
Equation (2-36) of a diode under illumination concerns an ideal case, in fact it is necessary to take into 
account other parameters to represent the I-V characteristic under dark and light conditions. For this, the model 
with one or two diodes can be used as Fig. 2-6 presents. 
The equation of the photogenerated current, including these parameters, can be rewritten as follows [1]: 
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with: I01, the saturation current of the first diode. This saturation current corresponds to that inside the emitter 
and the base. 
 I02, the saturation current of the second diode. This saturation current corresponds to that inside the 
depletion layer. 
 n1 and n2, the ideality factors of the first and second diodes, respectively. For ideal case the value of n1=1 
 
Fig. 2-6: Equivalent electric circuit of solar cells represented by a two-diode model. 
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and the value of n2=2. 
 Rs, the series resistance. 
 Rp, the parallel resistance also denoted shunt resistance (Rsh). 
In the case of one diode model, the diode I02 is simply removed from the equivalent electric circuit and 
the term I02 is equal to zero in Eq. (2-40). 
I displayed in Fig. 2-7 the I(V) characteristics for one and two-diode model. Equation (2-40) can fit the I-
V curve only for the forward positive voltage. The leakage current represented for the negative bias voltage can 
not be fitted by using the same equation. 
For silicon solar cells, it is usual to describe the saturation current I01 by the one of the quasi-neutral areas 
and the saturation current I02 by the one of the depletion layer. However, the III-V nitride solar cells are a thin-
film technology, which means that it is quite difficult to separate the front surface from the depletion layer and the 
“bulk” of the thin film. During the fabrication of Schottky solar cell devices using n-GaN or n-InGaN as an active 
layer, I could mainly observe the “one-diode model behavior” for the I-V characteristic under dark condition as 
shown on the left graph in Fig. 2-7. Nevertheless, sometimes the I-V characteristic under dark condition had the 
“two-diode model behavior” as shown on the right graph in Fig. 2-7. I think it is due to the interface between the 
metallic contact and the III-V nitride thin film where a complex diffusion of the metallic component could occur 
during the annealing step of the ohmic and Schottky contacts. 
 
 
 
 
 
Fig. 2-7: Current-voltage characteristic for one diode model (left) and two diodes model (right). 
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2-1.7 Theoretical limit 
Each of the electrical characteristics previously introduced has a theoretical limit. To understand the 
possible enhancement of the solar cell performance, I firstly introduce the different concepts behind the theoretical 
limit of these electrical characteristics. 
 
a) The short-circuit current limit and solar spectrum 
The short-circuit current of a solar cell is limited theoretically by the maximum amount of incident light. 
Of course in the nature, the power of incident light fluctuates a lot depending on the day time, the weather, and the 
temperature. Because each country has a different solar intensity depending on the latitude, a normalized spectrum 
(constant) was adopted internationally to compare the performance of solar cells fabricated around the world. The 
normalized solar spectrum is called AM 1.5G (AM for Air-mass) at the Earth ground level, some parts of the 
spectra are absorbed by the atmosphere (Fig. 2-8). The letter G of AM1.5 G stands for “Global tilt”, which means 
that the spectral radiation from the sun plus the sky diffusion and the diffusion reflected from the ground are taken 
into account on a south facing surface tilted at 37 deg. from horizontal plane. 
The AM1.5 D stands for “Direct”, which means that the direct normal radiation on a surface tracking the 
 
Fig. 2-8: The different normalized solar spectra are presented. AM0 spectrum corresponds to the solar spectrum 
before the atmosphere, AM1.5G the spectrum used to characterize the solar cell on the ground level with some 
absorbed regions due to elements constituting the atmosphere. 
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sun position, excluding scattered sky and reflected ground radiation. For space solar cells, the normalized solar 
spectrum AM 0 is used. 
The theoretical limit of the short circuit current density (Jsc) can be estimated from the standard AM1.5 G 
solar spectrum, which is used for the terrestrial solar cells. The standard AM1.5 G corresponds to a power of 
1000W/m
2
. 
To estimate the theoretical limit of the short circuit current density, we take into account the bandgap of 
the semiconductor that determines the limit of absorption wavelength and we assume that the entire spectrum 
below this limit is absorbed. The Jsc theoretical limit is calculated by the integral (area under curve) of the 
standard AM1.5 G from 4.41 eV (280nm) to the material bandgap Eg (eV). The Jsc theoretical limit is plotted as a 
function of the material band gap in Fig. 2-9. 
 
 
 
For silicon with a bandgap of 1.1 eV, the theoretical limit of the Jsc is 44.5 mA/cm
2
 under AM 1.5G 
illumination. For GaN with a bandgap of 3.4 eV, the theoretical limit becomes 0.6 mA/cm
2
. 
 
Fig. 2-9: Theoretical limit of the current density depending on the material bandgap (supposing a full 
absorption) under normalized AM0 and AM1.5G solar spectra. 
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b) The open-circuit voltage limit 
For the theoretical limit of Voc, Eq. (2-37) is used where Voc limit depends on the saturation current 
density J0. The saturation current depends on the material bandgap according to the following expression [7]: 
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M.A. Green gave a lower limit for the J0 in p-n junctions, which is J00=1.510
5
 mA/cm
2
 [1]. I could estimate the 
theoretical limit of Voc as a function of the material bandgap presented in Fig. 2-10. For silicon (1.12 eV), Voc 
limit is about 0.8 V, whereas for GaN, it is about 2.8 V. 
 
 
 
 
 
Fig. 2-10: Theoretical limit of the current density depending on the material bandgap (supposing a full 
absorption) under normalized AM0 and AM1.5G solar spectra. 
  
 
- 46 - 
c) The conversion efficiency limit 
Knowing the theoretical limits of both Voc and Jsc, we can determine the theoretical conversion efficiency 
limit depending on the material bandgap. Figure 2-11 provides the information about the highest conversion 
efficiency. For the silicon case (1.12 eV), assuming a fill factor of 0.85, the conversion efficiency limit is about 
27 % for single p-n junctions. The records of conversion efficiency are close to this ideal value, that is, 25 % (cf. 
Chapter 1). If I consider an InGaN material with an indium content of 10% (Eg = 3.0 eV), the conversion 
efficiency limit is much smaller than silicon and it is about 5 %. The InGaN material is still an excellent 
challenger if good material quality with higher In content can be obtained to absorb most of the solar spectrum by 
stacking different InGaN layers with modulable bandgaps. 
 
 
 
Because of the assumption of a perfect material free from defects and recombination, there is a difference 
between the theoretical limit calculated for the short-circuit current (Jsc), the open-circuit voltage (Voc) and the 
conversion efficiency, and the ones measured. In the following part, I described the different recombination 
possible in semiconductor material. 
 
Fig. 2-11: Theoretical limit of the conversion efficiency calculated for a fill factor of 1 (ideal case), 0.85 and 
(highest fill factor possible) and 0.75 under normalized AM 0 and AM1.5 G solar spectra. 
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2-1.8 Recombination inside the material 
Several phenomena of recombination exist in semi-conductor materials, which influence the effective 
lifetime of the photogenerated carriers. The effective lifetime is an important parameter to describe the quality of 
the material. The processes of recombination are often complex and coexist. The recombination in the bulk of the 
material is separate from the recombination on the surface. 
Three types of recombination inside the volume affect the diffusion length (Ld) of the carriers and 
consequently their effective lifetimes: the radiative recombination, the Auger recombination and the Shockley-
Read-Hall (SRH) recombination [8].  
 
 Radiative recombination (rad): 
A radiative recombination is a recombination band to band, the inverse phenomenon of the generation of 
electron-hole pairs after the absorption of a photon. An electron located in the conduction band recombines with a 
hole located in the valence band with the emission of a photon. The energy of this photon is equal to the material 
bandgap. This process mainly appears for direct band gap semiconductors but is relatively rare in indirect bandgap 
semiconductors. 
 
 Auger recombination (Auger): 
This non-radiative recombination appears when the density of free carrier is higher than 10
17
 cm
-3 
[9]. 
Because of this high carrier concentration, the probability of hits between free carriers is high. Some carriers 
release their energy (kinetic energy) to another carrier, which has a higher energetic state (equivalent to the band-
to-band transition). The second carrier with higher energetic state comes back to the normal state by 
thermalization emitting a phonon. 
Zhang et al. reported Auger recombination is largely responsible for limiting In0.1Ga0.9N/GaN quantum 
well LED efficiencies at high injection current density J ≥ 40 A/cm
2
, which corresponds to a free carrier 
concentration of about 2.7510
18
 cm
-3
 [10].  
 
 The Shockley-Read-Hall recombination (SRH): 
This type of recombination, considered as extrinsic, is due to the crystal defects and metallic impurities 
present inside the material. The crystal defects create some deep levels inside the bandgap of the material, which 
reduce the effective lifetime of the free carriers. 
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The III-V nitride materials such as GaN and InGaN have a high concentration of free electrons resulting 
in an unintended n-type material. This high carrier concentration is not favorable to enhance the mobility of the 
photogenerated carriers. This is presented in Fig. 2-12 for the wurtzite GaN at 77 and 300 K [11]. It is 
consequently important to develop growth techniques for this material to decrease the free electron concentration 
and thus enhance the mobility of the free carriers. This problem will be dealt with in Chapter 3. Furthermore, the 
deep level defects generated in the InGaN will be examined in Chapter 5. 
InN films also have a high carrier concentration about 10
18
 - 10
20
 cm
-3
 [12], which is related to a poor 
crystal quality. This high carrier concentration was also responsible to a large difference between the bandgap 
measured by photoluminescence and the effective bandgap of InN films. This effect can be explained by the 
Moss-Burstein shift, which is presented in the following section. 
 
2-1.9 Moss-Burstein shift 
The Moss-Burstein shift can explain the difference between the InN bandgap values previously measured 
at 1.9 eV and more recently estimated at 0.7 eV. For the semiconductor with a small bandgap like InSb and InAs 
[13], it is known that the bottom of the conduction band has a non-parabolic dispersion because of the kp 
repulsion through the small energy gap between the valence and conduction bands. The dispersion of the 
conduction band as a function of the wave vector can be written as follows: 
 
Fig. 2-12: Electron mobility of GaN at 77 K (a) and 300 K (b) as a function of carrier concentration with 
compensation ratios, denoted NA/ND, of 0, 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 [11].  
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where ħ is the reduced Planck constant (6.58210
-16
 eV s), k is the wave vector (cm
-1
), Ep the interaction energy 
kp equal to 
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, where PZ is the matrix element of the z component of the momentum 
operator.  
From Eq. (2-42), a large interaction energy kp (Ep) increases the non-parabolic behavior of the 
conduction band. Figure 2-13 shows the dispersion of the valence band and conduction band of InN material, 
calculated from Eq. (2-42) [14]. The Fermi level corresponds to an electron concentration of about 10
20
 cm
-3
. For 
a small value of k, it is possible to approximate the dispersion of the conduction band by a parabola: 
  
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
 . (2-43) 
me
*
(0) is the effective mass of an electron located at the minimum of the conduction band at the  point [unit: 
MeVc
-2
]. 
The parabolic form of the conduction band is also found in Fig. 2-13. We can notice that for wave 
vectors k > 0.05 Å
-1
, the parabolic and non-parabolic dispersions differ considerably. 
Figures 2-14 shows the absorption threshold of InN materials as a function of the free electron 
concentration and also the bandgap calculation for the parabolic and non-parabolic cases [12]. For free electron 
concentration above 10
19
 cm
-3
 the bandgap follows a non-parabolic behavior. It means that for an electron 
concentration of 10
19
 cm
-3
 and above inside InN materials, the Fermi level is located inside the conduction band. 
The optical absorption is thus forbidden for transitions under the Fermi level. The optical absorption starts from 
energies above the Fermi level, which overestimates the intrinsic bandgap of the material. This is the Moss-
Burstein effect. The optical emission under the Fermi level is still possible, like photoluminescence, but with a 
weak intensity and a wider energy peak compared to the emission of the intrinsic band edge. 
 
Because of the high carrier concentration inside GaN, InN and their alloys InGaN, these semiconductors 
are unintended n-type doping material. The fabrication of a p-n InGaN junction is quite challenging due to the p-
type doping that must compensate the n-type doping. A possible way to bypass the p-type doping is the 
fabrication of a Schottky junction. In the following I presented the principle of the Schottky junction, the current 
transport processes, and the theoretical limit of the open-circuit voltage compared to the p-n junction. 
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2-2 Schottky junction 
In Chapter 1, I presented the issues relevant to InGaN films, one of them was the poor properties of p-n 
homojunction InGaN because of high unintended n-type doping material due to the presence of defects. A simple 
way to fabricate a junction can also be realized by Schottky contact. In this section, I will present the Schottky 
junction with a short history, the principle and an overview of Schottky junction properties using GaN and InGaN 
films. 
 
2-2.1 First discovery and introduction to Schottky diodes 
Charles Fritts fabricated one of the world’s first solar cell in 1883. This solar cell consisted of coated 
selenium semiconductor with a thin layer of gold to form the junction, which was a Schottky junction. 
The Schottky junction is a junction between metal and semiconductor. This name comes from German 
physicist, Walter Hermann Schottky, who founded the basis of semiconductor physics and electronics. He is 
famous after his research based on the theory of thermionic emission and field electron emission, the Schottky 
junction and Schottky anomaly (punctual defects). The barrier existing at the junction between metal and 
 
Fig. 2-13: Theoretical dispersion curve of valence and 
conduction band of InN by using the kp model. The 
Fermi level for n = 10
20
 cm
-3
 is represented in orange  
[14]. 
 
Fig. 2-14: Absorption threshold (optical bandgap) in 
function of electron concentration. InN bandgap 
calculated by a dispersion curve of the parabolic 
conduction band and non-parabolic is also 
represented [12]. 
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semiconductor due to the difference of their work functions, now widely known as Schottky barrier, was 
suggested in the context of semiconductor devices in 1930s. 
Because of differences in the availability of charged carriers in metal and semiconductor, essentially all 
the potential drop occurs on the semiconductor side of the junction. At the interface, a depletion region is formed 
as in p-n junctions. The metal acts similarly to a very heavily doped semiconductor from a point of view of its 
effect on the electrostatic properties of the depletion layer. 
The height of the Schottky barrier varies with applied voltage, which gives rise to a thermionic emission 
component of the current, which is given by: 
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where A
*
 is the effective Richardson constant (in A cm
-2 
K
-2
), which is specific to each semiconductor. The 
magnitude of this constant depends primarily on the height of the barrier at interface, ϕB. The majority-carrier 
component is much larger than the minority-carrier. This extra component of current is undesirable from the point 
of view of photovoltaic energy conversion because it increases the dark saturation current of the diode, and hence, 
decreases Voc. Therefore, a larger barrier ϕB enhances the photovoltaic performance. 
We may choose a metal with the highest work function. However, it was found experimentally that, for 
many semiconductors, the size of the induced barrier was independent of the metal work function. This was 
attributed to a very large number of interface states at the metal-semiconductor interface due to lattice mismatch 
and to possible contaminants on the semiconductor surface. These clamp the potential in the surface region.  
Even though Schottky diodes can be made in a simple way without the p-n junction formation, their 
performance is limited by an additional parasitic current component compared with p-n junctions [1].  
 
2-2.2 Early researches and theory about Schottky diodes (silicon case) 
To study the properties of Schottky diodes, the most common semiconductor material was silicon. In 
1968, M.J. Turner and E.H. Rhoderick recognized the effect of an interfacial film on the height of Schottky 
barriers obtained by evaporating metal films (Au, Ag, Cu, Ni, Pb and Al) on n-type silicon [15]. They observed 
that the height of the barrier initially depended on the particular method of surface preparation, and subsequently 
showed a slow change with time, reaching a steady value over a period of days or even weeks. This final value 
was independent of the method of surface preparation, but depended on the choice of metal. For junctions made 
by evaporation on to silicon cleaved in an ultra-high vacuum, the barrier height shows no ageing and is 
substantially independent of the metal. These observations can be explained in terms of the existence of a thin 
oxide layer on the chemically prepared surfaces, together with the assumption that the density of surface states is 
about two orders of magnitude lower on the chemically prepared surfaces than on the cleaved surfaces. 
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In 1971, H.C. Card and E.H. Rhoderick were the first to attempt to relate the properties of the interfacial 
region to Schottky diode characteristics in a quantitative manner [16]. They realized a MIS silicon Schottky diode, 
gold/silicon, oxide/silicon, and studied its properties depending on the oxide thickness from 8 to 26 Å. A theory 
was developed which allowed the saturation current obtained from a semi logarithmic I-V plot to be corrected for 
the parameters of the interfacial film. This theory has a limitation imposed by the assumption that the tunneling 
transmission probability of the film is independent of the bias voltage applied to the diode. 
The interest for the MIS silicon Schottky diode is the capability to reach very high Voc, higher than p-n 
junctions. This was theoretically demonstrated by M.A. Green in 1974 [17] and silicon MIS solar cells were 
fabricated by R.B. Godfrey and M.A. Green in 1979 with Voc of 655mV and conversion efficiency of 17.6% [18]. 
Electron transport at metal-semiconductor interface was explained in a general theory by R.T. Tung in 
1992. It explains many anomalies such as ideal factors greater than 1 in the experimental results by the presence 
of inhomogeneities in the Schottky barrier height [19]. 
 
2-2.3 Schottky contact on III-V nitride films 
After the success of high quality GaN growth by Amano et al. in 1990 [20], Nakamura et al. [21], and 
Khan et al. in 1991 [22], the research of both ohmic and Schottky contacts on GaN was of a primary interest. S. C. 
Binari et al. measured the Schottky barrier height (SBH) of Ti on n-type GaN as 0.58 eV [23]. P. Hacke et al. 
estimated the SBH between Au and n-type GaN at 0.84 eV and 0.94 by current-voltage (I-V) and capacitance-
voltage (C-V) measurements, respectively [24]. Lin et al. achieved low resistance ohmic contacts to n-type GaN 
using Ti/Al bilayer metallization after annealing the contact at 900ºC for 30 sec. The lowest specific contact 
obtained was 810
6
  cm
2
 [25]. 
From these advancements, many research activities focused on obtaining a good Schottky junction on 
GaN, Table 2-3 summarizes the SBH and ideality factor n at 300 K for various metals used [26]. 
 
Table 2-3: Schottky barrier obtained on n-GaN grown on sapphire substrate using different metal deposited. 
Metal 
Work function 
(eV) 
Ideality 
factor 
SBH from I-V 
(eV) 
SBH from C-V 
(eV) 
Pt 5.65 1.21 1.03 1.04 
Pd 5.12 1.14 0.91 0.94 
Au 5.1 1.03 0.84 (0.87) 0.94 
Ti 4.33 1.28 0.59 0.58 
Ni 5.15 1.15 0.66 0.56 
Ni +200ºC - 1.14 1.0 0.8 
 
After annealing Ni above 200ºC, the formation of Ni3N and Ni4N at the Ni/GaN interface increases SBH. 
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The Schottky properties at 300 K obtained for n-GaN grown on SiC substrates for various metals are 
given in Table 2-4 [27]. 
 
Table 2-4: Schottky barrier obtained on n-GaN grown on SiC substrate using different metal deposited. 
 From I-V From C-V 
Metal SBH (eV) 
Ideality 
factor 
SBH (eV) 
Carrier 
concentration (cm
-3
) 
Cr 0.53 1.05 0.58 61017 
Au 1.03 1.15 1.03 61017 
Ni 1.15 1.17 1.11 11018 
 
 
Due to the depletion layer generated by the Schottky junction, researches about deep-level defects were 
reported. Y. Nakano et al. reported about the acceptor levels in Pt/Mg-doped GaN Schottky junction by deep-level 
transient spectroscopy [28].  
Concerning the Schottky contact on InGaN films, limited works on Schottky barriers of metal/n-InGaN 
are reported because of the presence of many defects. J. S. Jang et al. reported Schottky characteristics of Pt 
contacts to Si-doped n-In0.1Ga0.9N [29]. Pt with a thickness of 50 nm was deposited to form the Schottky junction. 
They reported Schottky barrier height of 0.62 eV with an ideality factor of 2.90 by thermionic emission fit, and 
1.39 eV with an ideality factor of 2.31 by thermionic field emission fit [29]. D. J. Chen et al. reported a high 
quality Schottky contact on n-In0.2Ga0.8N alloys prepared for photovoltaic devices [30]. They deposited Au/Pt 
(5/5nm) by e-beam evaporator to form the Schottky contacts. They observed a variation of the Schottky barrier 
depending on the carrier concentration of n-In0.2Ga0.8N. For carrier concentration of about 7.710
16
, 5.010
17
, and 
2.010
18
 cm
-3
, the Schottky barrier height was measured at 1.04, 0.52 and 0.49, respectively [30]. 
In the following part, I describe the current transport inside a Schottky junction and the theoretical limit 
of the open-circuit voltage. 
 
2-2.4 Fundamental differences between Schottky and p-n junctions 
The fundamental difference between these two components is that the Schottky diode uses majority 
carriers while the p-n diode uses minority carriers. As Fig. 2-15 shows, we can notice the following differences 
between their characteristic I-V: 
 The inverse current is weaker for the p-n diode. 
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 The forward current starts to increase at a higher voltage for the p-n diode (for example, 0.3 V for Al-
n:Si and 0.6 V for the p-n diode). 
 The fluctuation of the forward voltage as a function of temperature is smaller for the barrier 
metal/semiconductor than for the p-n diode. 
 The inverse current is more sensible to the inverse tension for the barrier metal/semiconductor. 
 
 
2-2.5 Current transport process inside Schottky junction 
We can categorize the current transport processes inside Schottky junction into three types: the 
thermionic emission (TE) over the barrier, the field emission (FE) near the Fermi level, and the thermionic-field 
emission (TFE) at energy between TE and FE (Fig. 2-16). While FE is a pure tunneling process, TFE is tunneling 
of thermally excited carriers which see a thinner barrier than FE. The relative contribution of these components 
depends on both temperature and doping level. A rough criterion can be set by comparing the thermal energy kT 
to E00 that is defined by: 
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 , (2-45) 
where ND is the donor impurity concentration, m
*
 is the electron effective mass, εS is the electric permittivity of 
the semiconductor, and h is the Planck constant. The rough criterion is given as following: 
thermionic emission (TE) 1
00

E
kT
, (2-46) 
 
Fig. 2-15: Current-voltage characteristics comparison between Schottky and p-n diodes. 
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thermionic field emission (TFE) 
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(2-47) 
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In Fig. 2-16, ϕm represents the metal work function, χ is the electron affinity of the semiconductor, SBH 
is the Schottky barrier height and ϕbi is the build-in potential. The quantitative examination will be done in 
Chapter 5. 
 
The following estimation of the ideality factor n can also be used to describe the current transport 
process: 
 






kT
E
kT
E
n 0000 coth . (2-49) 
The current conduction can be explained by the thermionic emission (TE) model if n~1. But if n~2 or higher, the 
current conduction must be considered by the thermionic field emission (TFE) model [31]. 
 
2-2.6 Theoretical limit of the open-circuit voltage (Voc) for Schottky junction compared to p-
n junction 
Under illumination, Schottky solar cells display a current-voltage characteristic with a similar shape as p-
n junctions. The main different is that the limitation in Voc for the Schottky junction is due to the limit in short-
circuit current (Jsc) and also the Schottky barrier height, which is the difference between the work function of the 
metal and the electron affinity (3.3±0.2 eV for GaN [32]). Voc can be written as follows: 
 
Fig. 2-16: Diagram of a Schottky junction on n-type semiconductor representing the different regimes of current 
transport. 
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where n is the ideality factor of the diode, A
*
 is the Richardson constant, which equal to 26.4 A.cm
-2
.K
-2
 for GaN 
(a detailed calculation will be presented in Chapter 5), ϕB is the Schottky barrier height, and T the temperature. At 
300 K for n-GaN, if we assume that all the photon above the bandgap energy are absorbed and converted to 
photogenerated carriers for a normalized solar spectrum AM1.5G (from 300 to 365 nm), the theoretical limit of Jsc 
is Jsc= 0.61 mA/cm
2
. To estimate the Voc limit, we assume the ideality factor equal to 1 and the Schottky barrier 
height to 1.9 eV which is the difference between the electron affinity of GaN (3.3 eV) and the gold work function 
(5.2 eV). In this case the Voc limit is calculated to be 1.34 V for the Schottky junction formed by a gold layer on n-
GaN. This Voc limit is much smaller than the case of a p-n junction using the same semiconductor material 
calculated at 2.8 V previously in this chapter. 
Thus the Schottky device is very useful to fabricate a depletion layer, which is necessary to study the 
deep level defects inside the material as I will present in Chapter 5, but as far as the photovoltaic performance is 
concerned the p-n junction has a higher potential. In my thesis, I focused first on realizing good Schottky 
junctions on n-GaN and n-InGaN in order to study the deep level defects of these materials and also on clarifying 
their potential for photovoltaic application. 
 
2-3 Equipments for characterization 
In this section I will describe succinctly the different equipments for electric and optical characterizations. 
The equipments used to analyze the crystal quality of thin film epitaxial layer and the surface roughness will also 
be described. 
 
2-3.1 Structural characterization 
a) X-ray diffraction (XRD) 
I used a PANalytical X’Pert PRO diffractometer for X-ray diffraction analysis in order to estimate the c- 
and a-lattice parameters of the III-V nitride films grown on (0001) sapphire substrates by MOCVD. This 
measurement is also useful to determine the indium composition (or InN mole fraction) of the deposited InxGa1-xN 
layer by using the Vegard law. The wurtzite crystal structure is illustrated in Fig. 2-17, and the diffraction 
geometry is represented in Fig. 2-18. The reflected X-ray analysis gives information for all the deposited layers 
and the substrate at the same time. The c-lattice and a-lattice constants of the InxGa1-xN layer and the GaN 
epilayer are necessary to estimate the crystal quality and the growth condition. The c-lattice constant is determined 
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by the scan of the parallel plane (0002), normal to the surface, and the a-lattice constant is then determined by the 
scan of the anti-parallel plane (     ). 
For each peaks of GaN and InxGa1-xN, the position in degree (horizontal axis), the intensity in counts per 
second (vertical axis), and the full width at half maximum (FWHM) are important parameters. For each peak, the 
distance between atomic layers (d) is directly calculated by the software depending on the crystal orientation, and 
can be estimated by using the relation of the Bragg diffraction nλ=2dsinθ where n is an integer, λ the wavelength 
of the X-rays source, and θ estimated with the peak position. 
The distance between atomic layers (d) is necessary to estimate the c- and a-lattices constants by using 
 
Fig. 2-17: Illustration of the wurtzite crystal structure with the c- and a-lattice constants, and the c-,a- and m-
planes. 
 
Fig. 2-18: Illustration of the diffraction geometry with the different crystalline planes of the sample and the 
angles of the diffractometer used. 
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the general formula for the wurtzite crystal structure: 
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 , (2-51) 
where a is the a-lattice constant, c is the c-lattice constant, and h k l the Miller indices of parallel planes depending 
on the crystal orientation. Equation (2-51) is written as follows depending on the (h k l) plane analyzed: 
for (0002) plane dc 2 , (2-52) 
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The intensity of a specific peak observed has the information about the thickness of the specific layer 
studied. For two layers with identical thickness, the peak with the lowest FWHM value has a better crystal quality. 
Indeed, the reflected signal is a sum of the diffracted X-rays intensity from a specific crystal orientation. The layer 
with homogeneous c- and a- lattice constants has a unique angle 2θ of diffraction instead of a poor crystal quality 
with non-homogeneous lattice constants that has a larger 2θ distribution of diffracted X-rays. 
The Vegard law used the bandgap of the GaN and the InxGa1-xN films to estimate the InN mole fraction 
by using the following equation: 
 )1()1(
)()()( 1
xbxExExE
GaNgInNgNGaIng xx


, (2-54) 
where Eg(InxGa1-xN), Eg(InN) and Eg(GaN) are the bandgap of the InxGa1-xN, InN and GaN films, respectively. The 
parameter b is called the bowing parameter. Many different values of bowing parameter are found in literature: 
such as a large bandgap bowing of 3.8 eV in 1998 [33] before the reevaluation of the InN bandgap to 0.7 eV. For 
my InxGa1-xN films, I found that a bowing parameter of 1.43 eV fits well our experimental values, which 
corresponds to another value found in literature [34] using 0.7 eV for the InN bandgap. 
The growth mode of the crystal is determined by a mapping of the (     ) plane. If the atoms of the GaN 
layers and the atoms of the InxGa1-xN layers are vertically aligned, it means that the a-lattice constants are 
equivalent. This growth mode of the InxGa1-xN is strained to the GaN layer as represented on Fig. 2-19 (a). The 
corresponding mapping in reciprocal space of a strained growth is presented in Fig. 2-20, where the centers of 
GaN and InGaN peaks are vertically aligned. If the peak of InxGa1-xN layer becomes closer to the axis at 45º (Fig. 
2-21) the growth mode is more relaxed and the a-lattice is enlarged compared with the one of the GaN epilayer as 
presented in Fig. 2-19 (b). A strained growth is preferable to decrease the formation of defects inside the crystal 
structure, which affects the electrical and optical properties of the material. 
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Fig. 2-20: Mapping of the (     ) plane for In0.07Ga0.93N / epi-GaN structure represented in reciprocal lattices Qx, 
Qy to illustrate a strained growth mode of InGaN on GaN. 
 
Fig. 2-19: Illustration of the crystal structure for a strained growth mode (a) and a more relaxed growth mode 
(b). 
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b) The Atomic Force Microscope (AFM) 
Another important parameter is the surface roughness to evaluate the surface quality of the crystal grown. 
If the growth condition is not optimized the distance between each atomic plane can fluctuate, which generates 
dislocations inside the layer grown. This will result in a rough surface on the top of the crystal structure. In 
opposite way, if the conditions are well optimized the density of dislocations decreases considerably, which will 
result in a smooth surface. In the following the AFM will be described briefly. 
I illustrated the schematic principle of the AFM in Fig. 2-22. The measurement of the roughness used the 
reflection of a laser beam on the surface of the cantilever. The tip is mounted on a reflecting cantilever. If the laser 
beam is deviated, it means that the cantilever is inflected (could be in both ways up or down), which means the 
presence of inter-atomic forces between the atoms of the tip and the atoms of the surface sample. The 
measurement of the pit deviation is realized by the deviation of the laser on the photodiodes detector. The voltage 
detected, coming from the light intensity, is compared between each of the 4 photodiodes to calculate the 
deviation and thus the topography of the sample surface. 
The lateral resolution is on the order of few nanometers, but the vertical resolution of an AFM is on the 
order of few angstroms, atomic steps are easily visualized for samples with clean and smooth surface. 
AFM images will be presented in Chapter 3 concerning the optimization of the growth condition of 
InxGa1-xN films. 
 
Fig. 2-21: Mapping of the (     ) plane for In0.15Ga0.85N / epi-GaN structure represented in reciprocal lattices Qx, 
Qy to illustrate a more relaxed growth mode. 
Chapter 2: Fundamental physics for electronic and optical characterizations 
and thin film analysis techniques 
 
- 61 - 
 
2-3.2 Optical characterizations 
a) Transmittance and reflectivity 
I used the transmittance equipment to describe the optical bandgap of the InxGa1-xN films deposited. The 
transmittance spectrum was realized by a ultra-violet and visible sources coupled to a monochromator. A sapphire 
without a deposited layer is also used as reference. At each wavelength, the transmittance of our sample is 
compared with the reference.  
By using Eq. (2-2), the absorption coefficient can be calculated for each wavelength. I obtained the 
optical bandgap by plotting (αhυ)
2
 as a function of hυ (eV), where  is the absorption coefficient (cm
-1
), h the 
Planck constant, and  the frequency of the wavelength related by Eq. (2-1). 
 
Fig. 2-22: Schematic principle of an Atomic Force Microscope (AFM). 
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b) X-ray photoemission spectroscopy 
The X-ray photoemission spectroscopy (XPS) is used to analyze the chemical composition by the binding 
energy of the electrons coming from atomic orbitals of different atoms constituting the sample. X-rays at a 
particular wavelength hit the sample surface. The electrons from different atomic orbitals of different atoms that 
absorb this high energy are expulsed with a high kinetic energy and collected in an electron energy analyzer. A 
magnetic field inside the electron energy analyzer curves the path of electrons depending on their particular 
kinetic energy. A electron detector counts the number of electrons at a specific kinetic energy. This measurement 
is realized under ultra high vacuum between 10
-7
-10
-8
 torr. The detection depth of conventional XPS is about a 
few nanometers. The relation to convert the kinetic energy to the binding energy is given by the following 
equation: 
 )(  kineticphotonBinding EEE , (2-55) 
where EBinding is the binding energy (BE) of an electron, Ephoton is the energy of the x-ray photons being used, 
Ekinetic is the equivalent kinetic energy of the same analyzed electron, and ϕ is the work function of the 
spectrometer. 
For my study, I could use the hard x-ray photoemission spectroscopy at SPring 8 facility, which delivers 
the most powerful synchrotron radiation currently available. Because of the high kinetic energy of the electron 
excited by hard x-rays (5.95 KeV), the detection depth is about ~20nm. The total energy resolution is as fine as 
240 meV, which is considerably higher than conventional XPS of ~600meV. Thus, the electrons from the valence 
spectra with a very low binding energy are analyzed with a much higher sensitivity than conventional XPS. A 
detailed characteristic is given in Chapter 4. 
 
2-3.3 Electrics characterizations 
a) The Current-voltage (I-V), current- frequency (C-f) and current-capacitance (C-V) analysis 
During the description of the solar cell principle, I introduced the current-voltage characteristic which 
gives the most important characterization parameters such as the open-circuit voltage (Voc), the short-circuit 
current (Jsc), the series resistance (Rs), the shunt resistance (Rsh), the fill factor (FF) and the conversion efficiency 
(η) under normalized AM1.5G light. The I-V characteristic under dark condition is also important to determine the 
Schottky barrier height and the ideality factor of the diode. 
The current-voltage characteristics for Schottky solar cell under dark condition will be examined in 
Chapter 5 together with the current-frequency and the current-capacitance characteristics, which are important 
characterization to determine the carrier concentration, the build-in potential (Vbi) and the width of the depletion 
layer (W). 
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The characterization of the small solar cell devices using GaN and InGaN materials generates a low 
current, thus it is important to have an accurate I-V probe system with noise reduction. The I-V probe system and 
the Keithley current-voltage measurement facility used both tri-axial cables for the noise reduction, but an adaptor 
is necessary to effectively connect these two elements. I fabricated an adaptor to use tri-axial cables and thus to 
reduce the electrical noise during the measurement with the I-V probe system. I detailed the electrical circuit of 
this adaptor in Fig. 2-23. 
 
 
 
To confirm the noise reduction, two Schottky devices were tested with the previous I-V probe system and 
the new I-V probe system using the tri-axial cables. The I-V characteristics under dark condition are presented in 
Fig. 2-24. For both high quality device (Device B) and low quality device (Device A), the reverse current was 
slightly reduced due to the noise reduction from the tri-axial cable, so a more accurate estimation of the reverse 
leakage current can be performed. The forward current is similar, so the evaluation of the Schottky barrier height 
and the ideality factor remain equal. 
 
 
 
Fig. 2-23: Electrical circuit of the adaptor fabricated between the I-V measurement and the I-V probe system 
with tri-axial cables connection. 
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I measured the I-V characteristic by using a solar simulator of grade AAB. Each solar simulator is 
classified into A, B or C grades according to three features: the spectral match to the normalized spectra AM1.5G, 
the spatial uniformity, and the temporal stability. Each of these features is tested and classified with letter A, B or 
C reflecting the quality of the solar simulator to reproduce the normalized solar spectrum AM1.5G. The best solar 
simulator has a class AAA representing the spectral match, the irradiance spatial non-uniformity and the temporal 
stability, respectively. 
I could use a solar simulator composed of a xenon lamp and some filters to match the normalized 
AM1.5G spectrum and also a solar simulator of class AAB. The solar spectrum AM1.5G is represented in Fig. 
2-25 beside the xenon lamp with and without AM1.5G filter. As we can see, a slight difference exists in short 
wavelengths even for good quality solar simulators due to the xenon lamp used. Two perturbations in the xenon 
lamp spectra exist around 470 and 770 nm. 
A referenced solar cell is used to calibrate the spectral irradiance with an accurate current output under 
AM1.5G illumination before the characterization of our samples. Because the referenced solar cell is made by 
amorphous silicon solar cell (a-Si) with a material band gap of 1.7 eV, even if the output current measured is the 
same for both solar simulators, a large difference for the short circuit-current (Jsc) is observed for our devices that 
are more sensible in the short wavelengths. As a consequence, the photovoltaic characteristic for large bandgap 
materials can depend strongly on the solar simulator itself. It is important to take this fact into consideration and to 
compare the photovoltaic properties by using the same solar simulator. 
 
 
Fig. 2-24: I-V characteristic of two Schottky devices using the previous probes system and the new I-V probes 
system with the adaptor using tri-axial cables connection. 
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2-4 Conclusion 
I described in this chapter the principle of a solar cell and its essential parameters such as the open-circuit 
voltage (Voc), the short-circuit current (Jsc), the series resistance (Rs), the shunt resistance (Rsh), the fill factor (FF) 
and the conversion efficiency (η) under normalized AM1.5G light. The case of p-n junction and the Schottky 
junction were approached with their theoretical limits concerning the conversion efficiency. The limiting factors 
were also described, especially the high concentration of the free carriers present unintentionally in the GaN, InN 
and their alloys InxGa1-xN films. Finally the different equipments of characterization were also presented. Some 
characterization such as the current-voltage analysis or the deep-level defect analysis will be fully described in 
Chapter 5 and 6. 
The next chapter will present the deposition technique, the Metal Organic Chemical Vapor Deposition 
system, and an optimization of the growth of InxGa1-xN in order to control the bandgap of the material with a good 
crystal quality. 
 
 
Fig. 2-25: Solar spectrum AM1.5G from 350 to 800nm compared to the Xenon lamp spectrum with and 
without filter to match the AM1.5G spectrum. 
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In this chapter, I focus on the metalorganic chemical vapor deposition growth (MOCVD) technique used 
in this work to fabricate InGaN and GaN films. After a short presentation of different existing deposition 
techniques, I will describe the way for the optimization of the InGaN films and the key factors to enhance the film 
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quality. The recipe used will be linked with their electronic and optical properties and the bandgap modulation by 
means of the In content will be explained. 
 
3-1 Nitride growth techniques 
Various growth techniques have been employed to grow III-V nitride thin films. These growth techniques 
are classified into two types: the Vapor Phase Epitaxy (VPE) and the Molecular Beam Epitaxy (MBE). The VPE 
technique is further classified into the Metalorganic Chemical Vapor Deposition (MOCVD), also called 
Metalorganic Vapor Phase Epitaxy (MOVPE) or Organometallic Vapor Phase Epitaxy (OMVPE), and the Vapor 
Phase Epitaxy (VPE) of a narrower sense. 
For the VPE techniques, the name of the growth techniques employed depends on the source used. The 
term HVPE is employed if a hybrid source for the group V element is used, and the term metalorganic is 
employed if at least one of the sources is an organic compound. 
 
3-1.1 Molecular Beam Epitaxy 
In the Molecular Beam Epitaxy technique, films are grown on a heated substrate in vacuum through 
various reactions between thermal molecular beams of the constituent elements and the surface species on the 
substrate. The MBE gives actually the highest material quality with a very high vacuum inside the chamber. M. 
Hori et al. used a RF-MBE at low temperature with an InN buffer layer to grow InxGa1-xN films over the entire 
composition range [1], and found that the phase separation with x> 0.53 could be completely suppressed. 
 
3-1.2 Vapor Phase Epitaxy 
The Vapor Phase Epitaxy was the first method to produce single crystal GaN with quality sufficient to 
launch the first stages of the GaN technology. The typical deposited thickness is 50 to 150 μm. The advantage of 
this technique is the thick buffer layer grown at a high growth rate on any available substrates to be used as 
templates for MOCVD or MBE techniques. 
 
3-1.3 Metalorganic Chemical Vapor Deposition 
In contrast to MBE with a crystal growth under vacuum, the growth of crystals takes place from the gas 
phase at moderate pressures (2 to 100kPa) for MOCVD. As such, this technique is preferred for the formation of 
devices incorporating thermodynamically metastable alloys, and it has become a major process in the manufacture 
of optoelectronics. This is the growth technique that I used for InxGa1-xN and GaN film deposition. 
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3-2 Different defects present in a crystal 
Some random structural defects are generated during the crystal growth. Here, I will present different 
types of defects present in crystals. These defects are classified into two categories, punctual defects and extended 
defects. 
3-2.1 Punctual defects 
The punctual defects are further classified into the following categories: 
 Vacancies: an atom is missing inside the lattice structure. For example, in GaN films the gallium vacancies 
(VGa) and nitride vacancies (VN) exist. 
 Anti-site: an atom occupies the site of another atom. For example, one of the regular nitride atom occupies a 
gallium site (NGa) or the opposite situation (GaN). 
 Impurities by substitution: a foreign atom occupies atomic sites. For example, carbon occupies a gallium site 
(CGa). These impurities come from metalorganic sources, carrier gases that are not completely pure, reactor 
chamber, or from the surface of the substrate, if it is not clean enough, and the diffusion of atoms from the 
substrate through the deposited film. 
 Interstitial defects: an atom from the host material or an impurity occupies an interstitial site. For example, an 
nitrogen atom of nitride is located at an interstitial site (Nint.). 
 
3-2.2 Extended defects 
Extended defects or major structural defects are further classified into the following categories: 
 Dislocation: dislocations are a discontinuity inside the crystal structure. Misfit dislocations and threading 
dislocations exist. There are three types of threading dislocations: pure edge, pure screw [2] and mixed 
dislocations as presented in Fig. 3-1. 
 Stacking mismatch defect: the stacking sequence of atomic layers is not regular 
(…ABCABCABABCABC…). This mismatch can take place for one or more atomic layers. The stacking 
mismatch defects are less likely to occur if proper surface preparation is made and unnecessary chemical 
reactions are avoided. 
 Inclusion defect: it is a precipitate or a different crystalline phase in an area of the crystal matrix. 
 Grain boundaries: they are formed between two different crystals with different orientations. This type of 
defect has a very low probability to exist in the films deposited by epitaxial techniques. 
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The presence of defects influences the electronic properties of the film and can act as recombination 
centers for photogenerated carriers. Thus, a crucial step is the control of high crystal quality of InGaN layers. I 
will explain the optimization of InGaN layers grown by MOCVD technique in the following. 
 
 
3-3 Sapphire substrate 
During all this work, I used sapphire substrates to grow GaN or InGaN films. It is the most common 
substrate for MOCVD because of its reasonable price and even if there is a lattice mismatch between sapphire and 
GaN, the crystallinity of the GaN films is usually very high. The full width at half maximum (FWHM) of rocking 
curves for GaN was about 0.07–0.08º for (0002) plane and about 0.14–0.16º for (     ) plane. About InxGa1-xN 
films with InN mole fraction 6 ≤ x ≤ 9, the FWHM of rocking curves was about 0.06–0.09º for (0002) plane and 
0.15–0.18º for (     ) plane. 
Figure 3-2 presents the projection of the basal plane of sapphire and GaN cation positions in the epitaxial 
growth orientation. Open circles mark N-atom positions and solid lines show the GaN basal unit cells. 
 
 
 
 
 
Fig. 3-1: Illustration of different type of threading dislocation: pure edge (a), pure screw (b), and mixed 
dislocations (c). 
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3-4 Metalorganic Chemical Vapor Deposition 
 
3-4.1 Recipe for InxGa1-xN film growth 
The recipe used for InxGa1-xN film deposition is presented in Fig. 3-3. This recipe is composed of ten 
steps where five steps are crucial for the crystal growth. First, a cleaning step must be performed to etch the oxide 
layer present on the sapphire substrate under a reducing environment such as hydrogen at temperature above 
1000ºC. This is followed by the GaN buffer layer or nucleation layer at low temperature around 500ºC. The low 
temperature buffer layer is the most important step to reach a high crystal quality with a low defect concentration. 
Amano et al. were the first to obtain the high crystal quality, smooth surface free from cracks by depositing a low-
temperature AlN layer before the GaN growth in 1986 [3]. This low-temperature buffer layer was necessary 
because of the large lattice mismatch between the (0001) sapphire substrate and GaN. 
 
Fig. 3-2: Projection of bulk basal plane sapphire and GaN cations positions for the observed epitaxial growth 
orientation [7]. 
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The following parameters are very important for InGaN crystal growth: 
 The GaN nucleation layer (or buffer layer) deposited at low temperature. 
 The ambient gas must be changed from H2+N2 to N2 for InGaN deposition. 
 The balance between adsorption and desorption (Kinetic model) to optimize the growth speed of the 
deposited layer generates a lower defect density inside the film. 
The temperature, the III-V ratio depending on the ammonium flow, and the MO ratio for InGaN 
characterized by TMIn/(TMIn+TMGa) are all important factors to control the growth speed of the deposited layer 
and thus to reduce the generation of high defect density. 
 
3-4.2 Role of the low temperature GaN as buffer layer (or nucleation layer) 
As I presented previously, the low temperature GaN as buffer layer (or nucleation layer) is one of the key 
parameters to achieve high crystal quality. Even if this step is very short, on the order of one minute or below, it is 
crucial to reduce the defect concentration and obtain a smooth surface for the next layer, the GaN thick epilayer. 
Figure 3-4 illustrates the buffer layer formation and the crystal growth. Depending on the temperature 
and the deposition time, the generation of dislocations through the GaN epilayer can be minimized. On (0001) 
sapphire, the optimized conditions for the GaN buffer layer were 490ºC during 50 seconds with a TMGa flow of 
30 sccm and NH3 flow of 2 sLm under H2 (4.5 sLm) and N2 (2 sLm) ambient gases. The thickness of the GaN 
buffer layer is on the order of dozen nanometers. 
 
Fig. 3-3: Example of deposition recipe used for InxGa1-xN grown by MOCVD. 
Chapter 3: MOCVD growth technique and optimization of InxGa1-xN films 
 
- 75 - 
 
 
3-4.3 MOCVD reactor chamber 
Figure 3-5 illustrates the MOCVD chamber and Fig. 3-6 is a picture of the MOCVD technique used in 
this work. From Fig. 3-5, we can see that there are three entrances for the ambient gases H2 or N2, one for the 
ammonium flow, and one for the metalorganic source with the suitable carrier gases (H2 or N2) depending on the 
material grown. During deposition, the pressure controlled inside the reactor was about 730 Torr, just below the 
atmospheric pressure of 760 Torr. When no deposition is in process, the chamber is kept under vacuum to avoid 
contamination. 
 
Fig. 3-4: Illustration of the buffer layer formation and the crystal growth. 
  
- 76 - 
 
 
 
 
3-4.4 Control of the flow of Metalorganic sources  
Hydrogen, nitrogen and ammonium flows have a flow rate of several standard liters per minute (sLm). 
On the other hand, the flow rate of metalorganic (MO) sources is very small and is of the order of several standard 
cubic centimeters per minute (sccm). Two different flows and an automatic pressure control are necessary to 
 
Fig. 3-6: Picture of the MOCVD equipment used to deposit GaN and InGaN films. 
 
Fig. 3-5: Illustration of the MOCVD chamber used in this work. 
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transport the MO sources to the MOCVD furnace chamber. As Fig. 3-7 illustrates, one flow is going to the MO 
source to transport the molecules, called the carrier gas. Because the flow rate of the carrier gas is very small 
(between 6 to 30 sccm for TMGa), another flow, denoted acceleration flow, is used at the exit of the MO sources. 
This acceleration flow increases the flow rate up to about 250 to 500 sccm for TMGa. The transport of MO 
sources through the MOCVD chamber is then governed by a pressure difference. An automatic pressure control 
regulates the pressure to 790 torr inside the pipeline, which is higher than the pressure inside the MOCVD 
chamber, that is 730 torr, to force the MO flow through the MOCVD chamber. 
 
A rough estimation of the indium composition can be obtained by using the flow rates of the metalorganic 
sources: 
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where PIn and PGa are the pressure of indium and gallium, respectively, and FIn and FGa are the respective flow 
rates. The pressure of the metalorganic sources depends on their temperature. The vapor pressure curves can be 
calculated as follows for each metalorganic source: 
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Fig. 3-7: System of the flows for metalorganic sources. 
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I plotted the vapor pressure or equilibrium vapor pressure curve for each metalorganic source in Fig. 3-8. 
The equilibrium vapor pressure of TMGa is quite higher than that of TMIn, thus TMGa is kept at -12ºC, 
while the temperature is +22ºC for TMIn and +20ºC for TMAl. At these temperatures, the corresponding vapor 
pressure is about 35.08, 2.01 and 8.64 mmHg, respectively. 
I wanted to obtain an InN mole fraction of about 15% for InGaN films, thus considering the equilibrium vapor 
pressure at the above-mentioned temperatures, the first deposition using a flow rate of 33 sccm for TMGa and 75 
sccm for TMIn was performed. These flow rates correspond to a metalorganic source ratio defined as follows: 
 
TMGaTMIn
TMIn
Ratio

 . (3-5) 
 
The first deposition had a ratio of 0.11. In fact, no InGaN was deposited because of a high evaporation rate of 
indium on surface, thus a much higher ratio between 0.7 to 0.9 was necessary to increase the indium incorporation 
inside the InGaN films. 
  
 
Fig. 3-8: Equilibrium vapor pressure curves for TMGa, TMIn and TMAl metalorganic sources. 
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3-4.5 Control of indium composition 
To use InxGa1-xN material as an active layer, its band gap needs to be controlled and its crystal quality 
should be high. The material requires a controlled bandgap, a high crystal quality to reduce defects and 
recombination, and high electron mobility to efficiently collect the photo-generated carriers. 
Because of the lattice mismatch between the substrate and InGaN films, I deposited a thick GaN epi-layer 
on a low-temperature buffer GaN layer (or nucleation layer) in order to reduce the threading dislocations and 
reduce the lattice mismatch between sapphire and GaN [3]. However, a high dislocation density was generated on 
the order of 10
8
 cm
-2
 even for good GaN material.  
I measured X-ray diffraction (XRD) to evaluate the crystal quality, c- and a-lattices, and the growth 
method by the full width at half maximum (FWHM) of the GaN and InGaN peaks on the XRD rocking curves. 
Each peak contains information about the thickness deposited (intensity of the signal) and the flatness between 
atomic layers (FWHM). The peak position via 2θ-ω scan for the (0002) plane gives information on the c-lattice 
parameter of the wurtzite structure, which is used to determine the amount of InN mole fraction inside the crystal 
from the Vegard law [4]. Information about the a-lattice constant is given by the peak position of the 2θ-ω scan 
for the (     ) plane. 
I plotted the InN mole fraction as a function of the temperature for four different growth conditions in Fig. 
3-9. The InN mole fraction was enhanced by decreasing the temperature of InxGa1-xN films deposition. The full 
width at hall maximum (FWHM) of InxGa1-xN films depending on the temperature growth for each growth 
conditions is shown in Fig. 3-10. The FWHM of InxGa1-xN peak for (0002) plane increases considerably when the 
 
Fig. 3-9: Control of the InN mole fraction depending on the temperature for four different growth conditions A, 
B, C, and D. 
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temperature of InxGa1-xN film deposition decreases. This underlines a degradation of the crystallinity at higher 
indium composition. By adjusting the growth conditions, I could obtain a FWHM lower than 0.10º for the 
temperature range between 760 to 800ºC (Fig. 3-10), which corresponds to an indium composition from 6 to 10% 
(Fig. 3-9).  
I presented a list of InxGa1-xN films grown by MOCVD classified by the four growth conditions A, B, C, 
and D.  The growth conditions, the InN mole fraction and the FWHM of InxGa1-xN for (0002) plane are listed for 
each group A, B, C, and D in the following tables: 
 
Conditions A: NH3 flow = 4.5 sLm and ratio TMI/ (TMI+TMGa)= 0.86~0.96 
Table 3-1: List of the growth condition A parameters for InGaN films grown by MOCVD 
InN mole fr
action (%) 
Temperature of 
InGaN 
deposition 
TMI flow 
(sccm) 
TMGa 
flow 
(sccm) 
Ratio 
TMI/(TMI+ 
TMG) 
FWHM 
(0002) plane 
for InGaN 
(º) 
NH3 flow 
(sLm) 
5.59 800 150 1.0 0.86 0.1580 4.5 
7.27 780 150 1.0 0.86 0.1416 4.5 
14.57 750 150 1.0 0.88 0.2396 4.5 
27.41 720 150 1.0 0.88 0.4840 4.5 
10.12 780 250 1.0 0.91 0.1520 4.5 
28.41 780 350 1.0 0.94 - 4.5 
2.56 815 350 0.7 0.96 - 4.5 
 
Fig. 3-10: Full with at half maximum (FWHM) of the InGaN peak for (0002) plane depending on the 
temperature for four different growth conditions A, B, C, and D. 
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Conditions B: NH3 flow = 10 sLm and ratio TMI/ (TMI+TMGa)= 0.95 
Table 3-2: List of the growth condition B parameters for InGaN films grown by MOCVD 
InN mole fr
action (%) 
Temperature of 
InGaN 
deposition 
TMI flow 
(sccm) 
TMGa 
flow 
(sccm) 
Ratio 
TMI/(TMI+ 
TMG) 
FWHM 
0002 plane 
for InGaN 
(º) 
NH3 flow 
(sLm) 
5.02  815  350  1.0  0.95  0.1630 10 
8.65  780  350  1.0  0.95  0.1502 10 
 
 
Conditions C: NH3 flow = 7 sLm and ratio TMI/ (TMI+TMGa)= 0.88~0.94 
Table 3-3: List of the growth condition C parameters for InGaN films grown by MOCVD 
InN mole fr
action (%) 
Temperature of 
InGaN 
deposition 
TMI flow 
(sccm) 
TMGa 
flow 
(sccm) 
Ratio 
TMI/(TMI+ 
TMG) 
FWHM 
0002 plane 
for InGaN 
(º) 
NH3 flow 
(sLm) 
10.97 780 350 1.0 0.94 0.1710 7 
6.93 800 350 1.0 0.94 0.1410 7 
8.14 850 350 1.0 0.94 0.1430 7 
9.79 830 350 1.0 0.94 0.1820 7 
6.64 850 350 2.8 0.89 0.1800 7 
8.26 820 350 1.5 0.94 0.2100 7 
8.08 820 350 1.5 0.94 0.1570 7 
14.94 790 350 1.5 0.94 0.3000 7 
7.17 810 350 1.5 0.94 0.2130 7 
9.16 820 350 1.5 0.94 0.1330 7 
6.51 800 350 1.5 0.94 0.1277 7 
23.56 770 350 2.3 0.88 0.4680 7 
 
 
Conditions D: NH3 flow = 7 sLm and ratio TMI/ (TMI+TMGa)= 0.75 
Table 3-4: List of the growth condition D parameters for InGaN films grown by MOCVD 
InN mole fr
action (%) 
Temperature of 
InGaN 
deposition 
TMI flow 
(sccm) 
TMGa 
flow 
(sccm) 
Ratio 
TMI/(TMI+ 
TMG) 
FWHM 
0002 plane 
for InGaN 
(º) 
NH3 flow 
(sLm) 
8.73 790 350 6.0 0.75 0.07256 7 
8.44 790 350 6.0 0.75 0.09076 7 
8.55 790 350 6.0 0.75 0.08129 7 
7.98 790 350 6.0 0.75 0.08800 7 
8.28 790 350 6.0 0.75 0.09703 7 
14.67 750 350 6.0 0.75 0.19175 7 
15.07 750 350 6.0 0.75 0.21979 7 
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7.35 790 350 6.0 0.75 0.07704 7 
7.12 790 350 6.0 0.75 0.07153 7 
7.08 790 350 6.0 0.75 0.07326 7 
7.05 790 350 6.0 0.75 0.06852 7 
7.18 790 350 6.0 0.75 0.06957 7 
7.58 790 350 6.0 0.75 0.06247 7 
7.22 790 350 6.0 0.75 0.08083 7 
6.95 790 350 6.0 0.75 0.06450 7 
7.01 790 350 6.0 0.75 0.07088 7 
8.03 790 350 6.0 0.75 0.06738 7 
8.62 780 350 6.0 0.75 0.06280 7 
8.90 770 350 6.0 0.75 0.06682 7 
9.30 760 350 6.0 0.75 0.06101 7 
6.22 790 350 6.0 0.75 0.06247 7 
6.55 800 350 6.0 0.75 0.07905 7 
6.30 800 350 6.0 0.75 0.05595 7 
6.93 800 350 6.0 0.75 0.04540 7 
8.79 780 350 6.0 0.75 0.06974 7 
6.68 780 350 6.0 0.75 0.09217 7 
7.85 780 350 6.0 0.75 0.08151 7 
9.80 780 350 6.0 0.75 0.08908 7 
 
 
For clarity, these experimental results were summarized in Table 3-5 with the different growth conditions 
A, B, C, and D used for InxGa1-xN film deposition: 
 
Table 3-5: Summary of the four growth conditions used to deposit InxGa1-xN with different InN mole fractions. 
Growth 
conditions 
NH3 flow 
(sLm) 
Ratio 
TMI/(TMI+TMGa) 
Temperature range 
of InGaN 
deposition (ºC) 
InN mole 
fraction range 
(%) 
FWHM range of 
InGaN peak for 
(0002) plane 
A 4.5 0.86 – 0.94 720 – 815 2 – 27  0.15 – 0.48 
B 10 0.95 780 – 815 5 – 8  0.15 – 0.17 
C 7 0.88 – 094 770 – 850 7 – 23  0.13 – 0.47 
D 7 0.75 750 - 850 6 – 15  0.07 – 0.22 
 
The optimized growth conditions, denoted by D in Table 3-5, have an ammonium flow of 7 sLm, a ratio 
between the metalorganic sources of 0.75 and a range temperature from 750 to 850ºC. 
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3-4.6 Bandgap control and crystallinity 
The difficulty of the InGaN growth lies in the fact that high temperature is necessary for a high 
crystallinity, but this high temperature enhances the evaporation of indium. Thus, by reducing the temperature, 
higher In content is incorporated inside InGaN. Due to this lower temperature, the growth rate of InGaN is much 
lower (~3.3 nm/min) than GaN (~25nm/min). I found some critical issues such as the carrier gases employed. For 
example, hydrogen used for GaN growth must be changed to nitrogen for InGaN growth in order to prevent the 
evaporation of indium. I obtained a good crystal quality with a FWHM between 0.07 and 0.08 degrees for the 
(002) plane at a growth temperature of 1000ºC for GaN and at 790ºC for InGaN corresponding to an InN mole 
fraction of 0.10. I demonstrated that a more relaxed growth occurred at InN mole fraction higher than 0.10, which 
is characterized by a larger a-lattice, i.e. a larger base of the hexagonal crystal. As Fig. 3-11 shows, the a-lattice is 
almost constant until an InN mole fraction of 0.10, and then the a-lattice increases considerably at higher InN 
mole fraction. Thus I deposited InxGa1-xN with a high crystallinity from x = 0 to 0.10 corresponding to an optical 
bandgap of 3.4 to 3.0 eV. 
 
 
 
Fig. 3-11: Control of the optical bandgap by the InN mole fraction, c- and a- lattices of the wurtzite crystal are 
also reported depending on the InN mole fraction. 
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3-4.7 Enhancement of electron mobility 
a) For InGaN films 
I improved the electron mobility by optimizing the V/III ratio between the ammonium and the 
metalorganic sources. With an NH3 flow of 7sLm, I could achieve InGaN films with lower carrier concentration 
(1-2×10
17
cm
-3
). An optimal ratio between the ammonium flow and the metalorganic flows should be found on the 
sample surface, which limits the defect generation and thus reduces the unintended n-type material. Due to this 
lower defect generation, the electron mobility was enhanced for higher InN mole fraction (Fig. 3-12), which is an 
important result for photovoltaic devices. We should note that the carrier concentration estimated by Hall effect 
measurement is an average value of all the structure of the deposited films including the GaN epi-layer and the 
InxGa1-xN layer. 
 
b) For GaN films 
In the case of only GaN films, the Hall effect measurement gives an accurate estimation of the carrier 
concentration. I could control the growth speed of the epitaxial layer by controlling the ammonium flow. I 
observed that the carrier concentration had a minimum at a growth speed of 250 angst./min in Fig. 3-13 (a). For 
the same sample, the electron mobility measured was the highest value of about 240-260 cm
2
/Vs (Fig. 3-13 (b)). 
Thus, for GaN film deposition, an optimized condition was found with a low carrier concentration and a high 
electron mobility. 
 
 
Fig. 3-12: Tendency of the electron mobility of InGaN films at different carrier concentration depending on the 
InN mole fraction. 
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The time-resolved photoluminescence (TRPL) was used to estimate the lifetime for photo-generated 
carriers. TRPL of 0.28 ns for In0.09Ga0.91N and 0.05 ns for GaN films were measured at room temperature (Fig. 
3-14), which was longer than 0.1 ns for similar In0.12Ga0.88N structures reported in Ref. [5]. A particular attention 
should be paid when using TRPL because the value can be overestimated due to the excitation of defect levels.  
 
 
Fig. 3-13: Tendency of the electron mobility of InGaN films at different carrier concentration depending on the 
InN mole fraction. 
 
Fig. 3-14: Time-resolved photoluminescence for In0.09Ga0.91N and GaN films. 
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3-4.8 Magnesium as p-type doping for InGaN films 
Concerning the crystal growth conditions, special care must be taken when the film is grown using 
Cp2Mg for p-type doping. A critical thickness of p-InGaN with a phase separation was observed at higher Mg 
concentration, which was attributed to a bigger covalent radius of Mg atoms (0.130nm) compared to that of Ga 
atoms (0.126nm) and could increase the compressive strain inside the film [6]. So, the generation of defects can 
be higher in high Mg doped InGaN layer or a thicker p-InGaN layer, which can be a brake for the development of 
p-n junction solar cells. This explains the motivation for the fabrication of Schottky junction solar cells using 
InGaN films. 
 
3-4.9 Multi-layer (ML) structures 
I investigated other solutions to reduce the propagation of threading dislocations from the GaN epi-layer 
into the InxGa1-xN on surface, and enhance the InN mole fraction, by fabricating multi-layer (ML) structures. I 
realized two types of multi-layer structures, AlN-GaN (2nm/50nm)x10 and InGaN-GaN (3nm/50nm)x10 (Fig. 3-15), 
before the InxGa1-xN growth. These structures had a slightly improved InGaN crystal quality for In content of 
about 10% with a very smooth surface (roughness of 1.44nm for scanned area of 25 μm
2
), but did not prevent the 
formation of threading dislocations at higher In content.  
 
 
I will present a detailed fabrication of the Schottky contact on InxGa1-xN deposited on the multi-layer 
structure AlN-GaN (2nm/50nm)x10 in Chapter 5. 
 
 
 
 
Fig. 3-15: In0.09Ga0.91N thick film structure deposited by MOCVD on c-plane sapphire substrate. 
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3-4.10 Enhancement of the surface morphology 
By using the optimized growth condition previously found, I could also improve the surface morphology 
of the InGaN films. AFM image of an In0.08Ga0.92N film realized in early development showed a roughness of 
3.24nm with a dislocation density of 4.910
8
cm
-2
 (Fig. 3-16(a)). AFM image of an In0.07Ga0.93N using the 
optimized growth condition showed a roughness of 0.92nm with a dislocation density of 4.010
7
 cm
-2
(Fig. 
3-16(b)). The roughness and the dislocation density were decreased considerably. 
 
 
 
3-5 Cathodoluminescence analysis 
The cathodoluminescence (CL) technique were used on InxGa1-xN films to observe the homogeneity of 
the InN mole fraction. By secondary electron (SE) image, the surface of In0.09Ga0.91N presented some dark spots, 
which can be attributed to dislocations on surface in Fig. 3-17(a). The cathodoluminescence of the same area at a 
specific wavelength 362, 388, 433, and 550 nm is also presented. The signal at 362 and 388 nm corresponded to 
the GaN and In0.09Ga0.91N films Fig. 3-17(a), (b). At 388 nm some areas started to appear brighter. At 433 nm 
 
Fig. 3-16: Comparison of AFM image (55μm2) between the InGaN surface in early development (a) and the 
InGaN with an optimized growth condition (b), both structures were also illustrated. 
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some bright areas could be clearly observed, which are related to some radiative recombination centers Fig. 
3-17(d). At higher wavelength, no signal were detected Fig. 3-17(e). 
 
Figure 3-18 presents 10 cathodoluminescence spectra according to the 10 points measured. The 
In0.09Ga0.91N peak appeared at 388nm without fluctuation, which confirm the homogeneity of the InN mole 
 
Fig. 3-17: Cathodoluminescence analysis of In0.09Ga0.91N with an electron beam of 10kV. (a) Secondary 
electron image at a scale of 5μm. (b) Luminescence observed at 362 nm, (c) at 388 nm, (d) at 433 nm, and (e) 
at 550 nm. 
 
Fig. 3-18: Cathodoluminescence analysis for 10 points of In0.09Ga0.91N film. 
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fraction inside the film. A radiative recombination center located at 433 nm (2.87 eV) could be observed. 
Interestingly, a large structural defect could be analyzed by CL as presented in Fig. 3-19. This structural 
defect is probably due to a large particle deposited on surface prior to the crystal growth. In the center, a bright 
area corresponding to the GaN (362 nm) and the In0.09Ga0.91N (386 nm) is observed in Fig. 3-19 (a), (b). Two 
other radiative recombination centers could be observed at 430 nm (2.85 eV) and 480 nm (2.57 eV). These 
cathodoluminescence spectra were clearly observable near the large structural defect Fig. 3-19 (c), (d). 
 
 
Figure 3-20 presents 10 cathodoluminescence spectra realized at some bright and dark areas around the 
structural defect. Beside the recombination centers at 430 and 480 nm observable, a shift of the In0.09Ga0.91N peak 
position is clearly present, which clarifies the fluctuation of InN mole fraction beside structural defects. 
 
 
Fig. 3-19: Cathodoluminescence analysis of a structural defect In0.09Ga0.91N with an electron beam of 10kV. 
(a) Secondary electron image at a scale of 10μm. (b) Luminescence observed at 362 nm, (c) at 386 nm, (d) at 
430 nm, and (e) at 480 nm. 
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For In0.07Ga0.93N film at higher quality with a smooth surface (Fig. 3-21(a)), the CL analysis revealed 
mainly the peak at 384 nm (Fig. 3-22). Some radiative recombination centers could be observed at 430 nm in Fig. 
3-21(d), but the cathodoluminescence are very weak compared to the one of In0.07Ga0.93N films. The intensity of 
the luminescence In0.07Ga0.93N peak is much higher than the two previous measurements. There is no position 
 
Fig. 3-20: Cathodoluminescence analysis for 10 points near the structural defect on surface of In0.09Ga0.91N 
films. 
 
Fig. 3-21: Cathodoluminescence analysis of a structural defect In0.1Ga0.9N with an electron beam of 10kV. (a) 
Secondary electron image at a scale of 10μm. (b) Luminescence observed at 362 nm, (c) at 384 nm, and (d) at 
430 nm. 
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shift, which clarifies a homogeneous InN mole fraction inside the film. 
 
The CL analysis is thus a powerful technique to give information about the homogeneity of InN mole 
fraction inside the film and possible radiative recombination centers. The presence of these recombination centers 
appears near structural defects. 
 
3-6 Conclusion 
In this chapter, I described the MOCVD deposition system and the optimization of InxGa1-xN growth 
condition. The temperature is the main parameter to control the InN mole fraction, and thus the material bandgap. 
Nevertheless, a more relaxed growth mode occurred at InN mole fraction higher than 10%. This constrains the 
InxGa1-xN bandgap between 3.0 to 3.4 eV, which is still too large for photovoltaic applications. 
The ammonium flow (NH3) was optimized to 10 sLm for GaN epi-layer and 7 sLm for InGaN deposition. 
The ammonium flow influences the growth speed of the layer, thus an optimized speed could decrease the free 
carrier concentration in GaN layers of about 810
17
 cm
-3
, and increase the electron mobility up to about 260 
cm
2
/Vs. Even if we could not separate the carrier concentration and electron mobility between GaN and InGaN 
layers, the optimized condition could also enhance the electron mobility for InGaN films. I obtained for InGaN 
films a smooth surface with a roughness of about 0.92 nm and decreased considerably the dislocation density 
down to about 4.010
7
cm
-2
. 
 
 
Fig. 3-22: Cathodoluminescence analysis for 10 points near the structural defect on surface of In0.07Ga0.93N 
films. 
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By using the optimized conditions, high quality InGaN films could be achieved. Thanks to this work, 
Schottky contact could be made, which was a necessary condition to analyze the deep level defects (cf. Chapter 5) 
and realize photovoltaic devices (cf. Chapter 6). 
The cathodoluminescence analysis underlined a fluctuation of InN mole fraction near structural defects, 
and radiative recombination centers at 430 nm and 480 nm. For In0.07Ga0.93N film with high crystal quality, a 
homogeneous InN mole fraction was observed. 
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In solar cell hetero-structures, the band alignment is one of the crucial issues to design the device. Hard 
X-ray photoemission spectroscopy (HX-PES) is used for InGaN material, beside GaN and InN, to determine the 
valence band, valence band maxima, core levels and band offset. In this chapter, I will show that the valence band 
maximum is shifted toward lower binding energy at higher InN mole fraction, and estimate the band offset 
between the valence bands maximum of GaN and InxGa1-xN. A new approach to estimate the valence band 
maximum is discussed, which clarifies the band bending on surface of GaN, InGaN and InN. This affects the 
interface and junction properties realized by InxGa1-xN. 
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4-1 Use of SPring 8 facilities for Hard X-ray photoemission spectroscopy 
measurement 
4-1.1 SPring 8 facilities 
The name SPring 8 is the acronym of “Super Photon ring - 8 GeV”, the synchrotron radiation facility 
located in Hyogo Prefecture, Japan, opened in 1997. SPring-8 delivers the most powerful synchrotron radiation 
currently available. The equipment consists of a storage ring containing a narrow and powerful electron beams 
accelerated nearly to the speed of light and forced to travel in a curved path by magnetic field that produces the 
electromagnetic radiation. A schematic view of a beamline is presented in Fig. 4-1 [1]. 
 
4-2 Investigation of electronic structure for III-V nitride thin films by Hard X-
ray photoemission spectroscopy 
In photovoltaic devices, the band offset is one of the crucial issues in designing solar cell structures such 
as p-i-n junctions and to avoid any barrier that may affect the carrier lifetime. I employed hard x-ray 
photoemission spectroscopy (HX-PES), measured at SPring-8 to determine the electronic structures of InxGa1-xN, 
GaN, and InN films. I characterized Ga 3d - In 4d, N 1s, C 1s, O 1s core levels, and the valence band spectra. 
Because of the high kinetic energy of electrons excited by hard X-ray (5.95keV), the detection depth is about ~20 
nm. By increasing the angle between the X-ray and the normal of the sample surface (also called take-off angle, or 
TOA), the detection depth was adjustable from 20 nm (“bulk” sensitive) to 10nm (“surface” sensitive). 
My analyses revealed a strong hybridization between Ga 3d and In 4d core levels when InN was alloyed 
with GaN. Furthermore at higher InN mole fraction, the valence band maximum was shifted toward lower binding 
energy (Fig. 4-2(a)). The extrapolating line a is usually employed to determine the valence band maximum 
(VBM). Line a corresponds to a bulk sensitive approach for GaN films as presented in Fig. 4-2(b). But, valence 
spectra show a large tail at low binding energy. I proposed a new approach to estimate the VBM taking into 
account this tail with the extrapolating line b (Fig. 4-2(a)) to have a surface sensitive approach. By extrapolating 
 
Fig. 4-1: Schematic illustration of a beamline at SPring 8. 
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line b, I estimated VBM at 2.1eV for GaN, which is more consistent with both the Schottky barrier height (SBH) 
and the build-in potential evaluated at 1.2eV from C-V measurements. It can be considered that the VBM 
determined from line a originates from the bulk of the film whereas the one calculated from line b is related to the 
surface region (Fig. 4-2(b)). I estimated the band structure of InxGa1-xN material depending on the In content and 
the doping. In Fig. 4-3 the valence band maximum (VBM) and conduction band minimum (CBM) are shown. To 
avoid any band offset for photo-generated carriers, a low In content layer and p-GaN, p-InGaN with Mg doping 
must be located on the top of the surface of the p-i-n junction. 
 
Because of the larger observation depth of HX-PES, the spectra contain both surface and bulk 
 
Fig. 4-2: (a) Valence band spectra of GaN and InxGa1-xN for different InN mole fractions. (b) Illustration of the 
GaN band structure representing the upward band bending on surface. 
 
Fig. 4-3: Valence band maximum of GaN, InxGa1-xN (0<x<0.27), and n-type, p-type doped films. 
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information reflecting the band bending near the surface. By modifying the detection depth, the core level N 1s 
was shifted toward lower binding energy, which implies an upward band bending near the surface of GaN films 
[2]. I confirmed a shift of the core level N 1s  toward higher binding energy for InN films with a carrier 
concentration lower than ~1.0×10
18
cm
-3
 for the first time, which implies a downward band bending [3]. 
This downward band bending of the InN film can explain the difficulty in obtaining a Schottky junction 
using this material. These results confirmed the importance of the band structure study for the interface and 
junction properties realized by InxGa1-xN films. 
Core-level and valence band spectra of InxGa1-xN films were measured using hard x-ray photoemission 
spectroscopy (HX-PES). Fine structure caused by coupling of the localized Ga 3d and In 4d with N 2s states was 
experimentally observed in the films. Because of the large detection depth of HX-PES (~20 nm), the spectra 
contain both surface and bulk information due to the surface band bending. The InxGa1-xN films (x=0~0.21) 
exhibited upward surface band bending, and the valence band maximum was shifted to lower binding energy as 
the mole fraction of InN was increased. On the other hand, downward surface band bending was confirmed for an 
InN film with low carrier density despite its n-type conduction. Although the Fermi level (EF) near the surface of 
the InN film was detected inside the conduction band as reported previously, it was considered that EF in the bulk 
of the film must be located in the band gap below the conduction band minimum. 
 
4-2.1 Introduction 
Indium nitride (InN) materials are desirable for applications such as high-speed transistors, terahertz 
emission devices and solar cells because of their low band gap of ~0.7 eV [4]. However, their intrinsic carrier 
density is higher than 1.0×10
18
cm
-3
, which has made it difficult to realize these applications. Recently, the quality 
of InN films has been improved so that the residual carrier density can be reduced to the order of ~10
17
 cm
-3
 [5]. 
InN can be doped with Mg as an acceptor, and the formation of p-type InN has been confirmed by capacitance 
voltage (C-V) measurements [6]. However, it is still very difficult to fabricate Schottky or p-n-junctions using InN 
films to obtain functional devices. It has been reported that the Fermi level (EF) must be located in the conduction 
band for InN with carrier concentrations greater than 1.0×10
18
 cm
-3
 [7]. Also, it has been proposed that electrons 
are likely to accumulate on the InN surface [8], [9]. However, clear evidence of downward band bending at the 
InN surface has not been detected directly. 
The band offset between GaN and its alloys such as AlxGa1-xN and InxGa1-xN affects the performance of 
electronic devices. Although the band offsets of the InN/GaN system have been studied, there are discrepancies 
between theoretical (0.3 [10] - 0.6 eV [11], [12]) and experimental values (0.58-1.1 eV [13–18]). Therefore, it is 
necessary to evaluate the variation of the valence band structure in InxGa1-xN films as a function of InN mole 
fraction. 
X-ray photoelectron spectroscopy (XPS) has been used as surface-analysis method to detect core-level 
spectra with respect to chemical bond and shift of materials. Conventional XPS is sensitive to surface 
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contamination because its detection depth is only a few nanometers. The intensity of photoelectrons from the 
valence band is generally too weak to precisely determine the surface band bending and offset. To overcome these 
disadvantages of conventional XPS, InxGa1-xN films were investigated using hard X-rays from synchrotron 
radiation at SPring-8 (hard X-ray photoemission spectroscopy (HX-PES) [1]). Because of the high kinetic energy 
of electrons excited by hard X-rays (5.95 keV), the detection depth of HX-PES is ~20 nm. HX-PES detects 
photoelectrons sufficiently well to study the valence band structure and band bending of InxGa1-xN films in a 
similar manner as previously reported for p-AlxGa1-xN films [19]. 
Here, I studied the valence band and core-levels of InxGa1-xN films using HX-PES. Ga 3d and In 4d core 
spectra and valence band structures are assessed to determine the effects of alloying GaN with InN. The influence 
of surface band bending on the determination of the valence band maximum (VBM) from the angular dependence 
of the N 1s core-level and valence band spectra is discussed. 
 
4-2.2 Experimental details 
Undoped InxGa1-xN films (x= 0-0.21) were grown on GaN templates with Ga-face (+c) polarity that were 
deposited on a c-plane sapphire substrate by metalorganic chemical vapor deposition. Each InxGa1-xN layer was 
0.3-0.4 m thick. The mole fraction of InN was controlled by the substrate temperature and was determined by X-
ray diffraction measurement [20], [21]. From Hall measurement characterization, the carrier concentration was in 
the range of 1.8-5.0×10
17
 cm
-3
. For comparison with high indium concentration films, InN films with carrier 
concentrations of 5.0×10
17
, 1.5×10
18
 and 5.0×10
18
 cm
-3
 were also prepared by molecular beam epitaxy as reported 
in Ref. [6]. 
The samples were introduced into the HX-PES apparatus at the undulator beamline BL15XU [22] of 
SPring-8. The energy and diameter of the X-ray beam were 5.95 keV and ~60 m, respectively. The detection 
depth was approximately ~20 nm, three times the inelastic mean free path of the photoelectrons, with respect to 
the sample surface in the normal emission geometry where the E-vector of the X-ray and the detection direction of 
photoelectrons are parallel [23]. This experimental configuration enabled us to detect bulk-sensitive information 
with a minimized influence from surface contamination. Another advantage of HX-PES in this configuration is 
the photoionization cross-section of the s-orbital larger than that of conventional XPS (Al K x-ray source: 1486.6 
eV) [24]. The total energy resolution was as fine as 240 meV, which is significantly higher than that of 
conventional XPS of ~600 meV comparable to the band gap of InN. The system was referenced to the EF of a bulk 
gold. A gold layer was also deposited over half of the sample surface, and the C 1s core-level was measured on 
both areas. Thus the binding energy of the sample was calibrated by monitoring the shift in the position of the C 
1s core-level peak detected on the gold layer. The spectra were corrected with a Shirley-type background 
subtraction [25]. 
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4-2.3 Core-level spectra of Ga 3d and In 4d for InxGa1-xN 
Ga 3d, N 2s and In 4d core-level spectra normalized by the integrated intensity for the InxGa1-xN films 
with x=0~0.21 and InN films with carrier concentration of 5.0×10
17
cm
-3
 measured at take-off angle (TOA) of 88º 
(bulk-sensitive, detection depth ~20nm) conditions are presented in Fig. 4-4. The small Ga 3d-N 2s energy 
separation gives rise to hybridization between Ga 3d and N 2s in GaN. The hybridization causes splitting of the t2 
level into bonding (t2g) and antibonding (t2u) states, while the nonbonding state eg remains nearly atomic, showing 
spin-orbit splitting [26]. The peak~19.8 eV is mainly bonding t2g state of Ga 3d-like, whereas the broad peak at 
~16 eV is dominantly antibonding t2u of N 2s.  
From angular-momentum decomposition of the atom projected densities of states done by F. Litimein et al. [27], 
the orbital of N 2s in InN is attributed to three peaks, which are detected at 14 eV, 16 eV and 17.3 eV in Fig. 4-4. 
In the calculation of Ref. [27], the In 4d orbital is predominantly contributed of three densities of states in the 
range from 16 to 18 eV as indicated with arrows in Fig. 4-4. The highest peak at 17 eV originates from In 4d as 
reported previously [28]. Although the peak of In 4d- N 2s at 17.3 eV should be theoretically smaller [27], the 
intensity becomes higher experimentally due to a larger cross section of the s-orbitals in the HX-PES. With 
increase of InN mole fraction, the localized Ga 3d and In 4d states were dispersed through the hybridization with 
N 2s as calculated in the model of In0.5Ga0.5N [29]. This is supported by two peaks emerging predominately 
around 17.5 and 18.3 eV. 
 
 
Fig. 4-4: Ga 3d, In 4d, N2s core-level spectra normalized by the integrated intensity of the InxGa1-xN films at 
TOA of 88º. 
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4-2.4 Surface band bending and VBM of GaN film 
The valence band structures also change as the mole fraction of InN is increased as shown in Fig. 4-5. 
The intensity of the Ga 4s-N 2p peak at around 8.5 eV [30] is enhanced because of the larger cross-section of s-
orbital in HX-PES than that in conventional XPS. The VBM shifted to lower binding energy (towards EF) when 
GaN is alloyed with InN. 
There are two possible extrapolations, lines a and b in Fig. 4-5 (expanded plot in Fig. 4-6), which are 
used to determine the VBM for the intrinsic GaN film at TOA of 88º. The VBM calculated using line a is 2.9-3.0 
eV. By taking the band gap of GaN (Eg
GaN
: 3.4 eV) into account, the energy difference between EF and the 
conduction band minimum (CBM) near the surface implies a value of 0.5 eV. This value is too small to explain 
the Schottky barrier height (SBH) on GaN film larger than ~1.0 eV [18], [31]. On the other hand, the VBM 
determined using line b is 2.1 eV which is more consistent with both the SBH and the built-in potential evaluated 
at 1.2 eV from C-V measurements [2]. It can be considered that the VBM determined from line a originates from 
the bulk of the film whereas the one calculated from line b is related to the surface region, as shown in the inset of 
Fig. 4-5. 
 
 
Fig. 4-5: Valence band spectra normalized by the integrated intensity of typical InxGa1-xN and InN films 
observed by HX-PES at a TOA of 88º. 
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4-2.5 N 1s core-level spectra of InN films grown by MBE 
At take-off angle (TOA) of 88, the peak position of N 1s core-level spectra was chemically shifted from 
397.3 eV for GaN to 395.8 eV for InN when increasing the indium composition. Figure 4-7 represents N 1s core-
level spectra of the InN films measured under bulk (TOA of 88) and surface-sensitive (TOA of 30, detection 
depth ~10 nm) conditions. For the sample with a carrier concentration of 5.0×10
17
 cm
-3
, the spectrum with TOA of 
88 exhibits an asymmetrical shape with a tail at higher binding energy (Fig. 4-7 (a)). A clear shift to higher 
binding energy is observed at TOA of 30, and the spectrum becomes more symmetric with a smaller tail at higher 
binding energy, compared to the spectrum at TOA of 88. This implies the presence of a downward band bending 
near the film surface, as shown in the inset of Fig. 4-7 (a). 
The N 1s core-level spectra at TOA of 30 are symmetrical and the peak positions are constant at ~396.2 eV 
in spite of the carrier concentration, which is the same as the value determined by conventional XPS [32]. The 
asymmetric spectrum shape originates from two dominant components at a lower binding energy of 395.8 eV in 
the bulk of the film and at 396.2 eV near its surface due to the downward surface band bending. We attempted to 
determine the value of surface band bending according to the literature analyzing surface band bending of Si [33]. 
However, the N 1s core spectra were found not to be simulated by simple surface band bending profile. The 
profiles were not simulated even by introducing flat potential near the surface. This might imply that InN surface 
must be complex such as In fluctuation.  
As the carrier concentration increases, the shift of the N 1s core-level spectra is reduced and a more symmetric 
shape is observed in Fig. 4-7 (c). For the InN film with a carrier concentration of 5.0×10
18
 cm
-3
, the surface band 
should be almost flat, implying that the depletion layer should be too shallow to detect the difference between 
 
Fig. 4-6: Expansion of Fig. 4-5 at the valence band maximum. The lines are extrapolated to determine the 
VBM. 
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detection depths of ~10 nm (TOA of 30) and ~20 nm (TOA of 88) (inset in Fig. 4-7 (c)). The TOA dependence 
of the N1s core-level spectral shape and its position shift is consistent with the expected thickness variation of the 
accumulation layer depending on the carrier concentration. 
 
 
Fig. 4-7: N 1s core-level spectra detected at TOAs of 88 and 30 for InN samples grown by MBE with carrier 
concentrations of (a) 5.0×10
17
 cm
-3
, (b) 1.5×10
18
 cm
-3
, and (c) 5.0×10
18
 cm
-3
. The dashed lines are a guide to 
highlight the variation of peak position. The insets show energy band diagrams explaining the relationship 
between surface band bending and the detection depth of HX-PES, although the profile for the surface of InN 
remains unclear. 
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4-2.6 VBM of InN films 
Figure 4-6 shows an expanded plot near the VBM of InxGa1-xN films. The valence band spectra for the 
InN films with various carrier concentrations are represented by colored lines. At lower carrier concentration, the 
VBM of the InN films shifted to lower binding energy. Two possible lines, c and d, were used to determine the 
VBM of InN. It can be considered that the VBM determined from line d originates from the bulk of the film 
whereas the one calculated from line c is related to the surface region, as shown in the inset of Fig. 4-7. By 
extrapolating line c, the VBM of InN with a carrier concentration of 5.0×10
17
 cm
-3
 is around 1.0 eV below EF, 
which means that EF is located inside the conduction band. As far as normal carrier conduction occurs, the EF 
should not be located inside the conduction band as common understanding for semiconductor materials. It was 
therefore assumed that surface band bending influences the estimation of VBM as mentioned in the part “Surface 
band bending and VBM for GaN films” on page 100.  
A slight difference of the VBM was observed between the spectra detected at TOAs of 88 and of 30 for 
the InN film with a carrier concentration of 5.0×10
18
 cm
-3
. The VBM calculated from both spectra was 1.3 eV 
(Fig. 4-8 (a)), which is the same as the EF on surface lying above the VBM previously determined using 
conventional XPS [7]. On the other hand, for InN with a carrier concentration of 5.0×10
17
 cm
-3
, the valence band 
spectrum near the surface of the film (TOA of 30) is clearly shifted towards higher binding energy, as shown in 
Fig. 4-8 (b). When the conventional method is used (i.e., extrapolation of line c), the VBM values from both 
spectra are the same at 1.0eV, although the valence band spectrum for TOA of 30 is apparently shifted towards 
higher binding energy. The conventional approach is likely to overestimate the VBM because of the downward 
band bending at the surface of InN film.  
The energy shift between TOAs of 88 and 30 is 0.5 eV (Fig. 4-8 (b)). Hence, the VBM determined 
from the spectrum at TOA of 88 must be located at the binding energy of 0.5 eV, which corresponds to the value 
determined from line d in Fig. 4-6. By taking both this estimated VBM and the band gap of 0.7 eV for InN into 
account, the EF in the bulk must be located inside its band gap under the condition of a carrier concentration of 
less than 5.0×10
17
 cm
-3
. 
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4-2.7 Conclusion 
The electronic structures of InxGa1-xN films were investigated by HX-PES. Because of the larger 
observation depth (~20 nm) of HX-PES than conventional XPS, the spectra contain both surface and bulk 
information reflecting the band bending on surface. A shift to lower binding energy is observed when the InN 
mole fraction increases inside InxGa1-xN films, which means that the VBM gets closer to the EF with higher InN 
mole fraction. 
A new method for the evaluation of the valence band maximum (VBM) was described. With this method, 
the distance between the VBM and the Fermi level for GaN films (2.1 eV) is more consistent with the Schottky 
barrier height and the build-in potential of n-GaN films, which is 1.2 eV, estimated from capacitance-voltage 
measurement. 
 
Fig. 4-8: Valence band structures detected at TOAs of 88 and 30 for InN films with carrier concentrations of 
(a) 5×10
18
 cm
-3
 and (b) 5×10
17
 cm
-3
. 
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Downward band bending near the surface was confirmed for InN films with a carrier concentration lower 
than ~1.0×10
18
 cm
-3
 for the first time. Our measurement describes for the first time that the position of the EF must 
be located inside the InN bandgap for high InN film quality with a low free carrier concentration of about 
510
17
cm
-3
. This result is in opposition to previous researches, which estimated the EF above the conduction band 
of the InN films.  
The estimation of the EF inside the InGaN bandgap for the full range of InN mole fraction is another 
important result for the development of future heterojunction solar cells using only InxGa1-xN films. 
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In this chapter, I will describe the fabrication and characterization of Schottky junctions on thick 
In0.09Ga0.91N films, and then I will present an investigation of defect levels inside the bandgap of In0.09Ga0.91N. Up 
to now there is no report about deep level defects inside thick InxGa1-xN films. Thermal admittance spectroscopy 
(TAS), deep level transient spectroscopy (DLTS), and deep level optical spectroscopy (DLOS) were carried out 
for InxGa1-xN films with a thickness of 200 nm. This work shows that indium fluctuation, cation vacancies (VIII), 
nitride vacancies (VN) and complexes associated (VIII-ON, VIII-CN, VIII-VN) are found to be greatly increased when 
alloying InN with GaN. These defects contribute to enhance the electron concentration (unintended n-doping) of 
about 10
17
cm
-3
 for InxGa1-xN and degrade the Schottky junction with a high leakage current under negative bias 
voltage. 
 
5-1 Schottky junction characterization on In0.09Ga0.091N thick film 
In order to determine the deep level defects present inside thick InGaN films, three techniques were 
employed: the thermal admittance spectroscopy (TAS), the deep level transient spectroscopy (DLTS), and the 
deep level optical spectroscopy (DLOS). For each technique, the principle of measurement, the extractable 
parameters, and the results obtained on thick InGaN films are presented. The same Schottky device was used for 
the three defect level techniques in order to compare and discuss the different results obtained. 
 
5-1.1  Sample preparation 
I deposited InGaN films on c-plane sapphire substrate by metalorganic chemical vapor deposition 
(MOCVD) with a horizontal reactor. After deposition of GaN epilayer of 1.9 μm in thickness at 1000 ºC by using 
the conventional low-temperature buffer layer technique, a multi-layer (ML) structure consisting of 10 pairs of 
AlN/GaN (9 nm / 38 nm) layers was fabricated at 1000 ºC on the GaN template to prevent the propagation of 
dislocations to the upper layer. Subsequently, an InGaN layer of 200 nm in thickness was grown on the ML 
structure at 790 ºC for 1h under N2 gas ambient as shown in Fig. 5-1. 
 
Fig. 5-1: In0.09Ga0.91N thick film structure deposited by MOCVD on c-plane sapphire substrate. 
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I cleaned the sample’s surface by dipping subsequently in acetone, methanol, and deionized water to 
remove organic impurities. And then, I treated the sample by HCl (10 %) solution for 10 min to etch the natural 
oxide layer. I deposited the Ti/Au (50 nm/100 nm) on the InGaN film by e-beam evaporator, followed by a rapid 
thermal annealing (RTA) process. The device was annealed in vacuum at 750 ºC for 1.5 min to form the ohmic 
contact. The Schottky contact was realized by using Ni/Au (50 nm/100 nm) after annealing at 550 ºC for 3 min. 
The area of Schottky contact was 6.210
-3
 cm
2
. These RTA processes were optimized for the ohmic and Schottky 
contacts. Figure 5-2 presents a picture of such Schottky devices fabricated. 
 
The InN mole fraction of the sample in this study was estimated to be 9.0 % from the InGaN peak 
position of x-ray diffraction (XRD) by Vegard’s law. The satellites and interference peaks were observed for the 
2- scan of (0002) plane (Fig. 5-3), which indicates both the designed periodicity of the AlN/GaN ML structure, 
and smooth interface between InGaN and the under-layer. The value of full width at half maximum (FWHM) of ω 
(0002) for InGaN and GaN diffraction peak was 261 arcsec and 276 arcsec, respectively. 
 
The thickness of AlN and GaN layers inside the ML structure was estimated by simulation with the 
XRD software using the position of the different orders of satellite peaks. To confirm the accurate thickness of 
each layer inside the structure presented in Fig. 5-1, TEM measurements were preformed (Fig. 5-4 and Fig. 5-6). 
 
 
  
 
Fig. 5-2: Picture of two Schottky devices deposited by e-beam evaporator on InGaN film itself deposited on GaN 
epilayer / sapphire substrate. 
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Fig. 5-3: XRD analysis of In0.09Ga0.91N thick film structure for (0002) plane. 
 
Fig. 5-4: TEM image of the In0.09Ga0.91N on multi-layer structure (AlN-GaN)10 (scale 100nm). 
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The InGaN film was found to be completely strained on the ML layers from (101
_
4) plane by XRD 
reciprocal space mapping as shown in Fig. 5-5. 
 
Fig. 5-6: TEM image of the multi-layer structure (AlN-GaN)10 (scale 10nm). 
 
Fig. 5-5: XRD mapping of In0.09Ga0.91N thick film structure for (     ) plane represented in the reciprocal 
space. 
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I confirmed the smooth surface of the In0.09Ga0.91N thick film by AFM measurement, the density of pits 
on the InGaN surface was less than 2×10
7 
cm
-2
 with a root-mean-square (rms) of 1.4 nm for a 5×5 μm2 scanning 
area (Fig. 5-7). No threading dislocation was observed. For samples directly grown on the GaN layer, a density of 
pits (3.2x10
7
cm
-2
), a density of threading dislocation (5.2x10
8
cm
-2
) and a root mean square (rms) roughness of 
3.74nm (for a 5×5 μm2 scanning area) were obtained. Thus the introduction of ML structure improved the 
material quality. 
The Schottky properties of In0.09Ga0.91N thick films were characterized by current-voltage (J-V), 
capacitance-frequency (C-f) and capacitance - voltage (C-V) measurements. 
 
5-1.2  Current-voltage measurement 
According to Padovani and Stratton [1], [2], the different emission regimes should be determined 
according to the temperature T (293 K), carrier concentration Nd, and energy E00: 
 
2/1
*
0
00
4 



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








es
d
m
Nqh
E

. (5-1) 
The thermionic emission (TE) is predominant when kT/E00 >>1, the thermionic-field emission (TFE) when  
kT/E00 ≈ 1, and the field emission when kT/E00 <<1, where q is the electron charge, h the Planck constant, and k 
the Boltzmann constant. 
For wurtzite-GaN, I used the dielectric constant εs = 9.5 [3–5] with ε0 the permittivity of free space 
0=8.85410
-14 
F/cm, and the electron effective mass is chosen at me
*
 = 0.22 m0 [6], [7] with Nd at 6.310
17
 cm
-3
. 
 
Fig. 5-7: Surface of thick In0.09Ga0.91N film by AFM measurement for a 55 μm scanning area. 
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In these conditions kT/E00 is estimated at 2.49, which is in the regime of TE. Furthermore, the ideality factor n was 
estimated by the following relation: 
 






kT
E
kT
E
n 0000 coth . (5-2) 
n has a value of 1.06, which indicates that the current conduction in our samples can be explained by the TE 
model. 
For InN case, the value of electron effective mass in wurtzite-InN at 295 K is m0
*
InN = 0.045m0, based 
on the empirical relationship m0
*
 ~ 0.07 Eg for III-V materials [8]. The dielectric constant of w-InN was 
previously estimated at εs = 15.3 [9], or 6.7 [10] and more recently at εs = 9.3 [5], [11]. 
For the InxGa1-xN case, the dielectric constant and the electron effective mass can be estimated by a 
linear variation depending on the In content [5], [12]. The effective mass for electron in InxGa1-xN can be 
determined by the following equation [5] taking into account the approximation mn
*
GaN = 0.2m0 and mn
*
InN = 
0.05m0: 
      01* 2.0105.0 mxxNGaInm xxn  . (5-3) 
 
For In0.09Ga0.91N, I determined the electron effective mass as mn
*
(In0.09Ga0.91N) = 0.19m0. Because both dielectric 
constants of w-GaN (9.5) and w-InN (9.3) are quite similar, the value 9.5 was used for low InN mole fraction like 
in In0.09Ga0.91N. I summarized the parameters at 295 K depending on the InN mole fraction in Table 5-1. 
 
Table 5-1: Dielectric constant and Effective mass of electron for wurtzite GaN, InN and In0.09Ga0.91N at 295 K 
 GaN InN In0.09Ga0.91N 
Effective mass of electron (mn
*
) 0.22 m0 0.05 m0 0.19 m0 
Dielectric constant (εs) 9.5 9.3 9.5 
 
 
In Fig. 5-8 the J-V measurement under dark condition is presented. I extracted the Schottky properties by 
fitting the J-V curve to the thermionic equation in the linear part (in red): 
 
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
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where B  is the Schottky barrier height (SBH), n the ideality factor of the diode, q the charge of electron, and A
*
 
the effective Richardson constant, which is a function of the effective mass of electron 
*
em  for the n-type material: 
 
3
2*
*
4
h
kqm
A
e
 , (5-5) 
where k is the Boltzmann constant and h is the Planck constant. me
*
 depends on the n-type material GaN or InGaN 
used. As I showed previously in Table 5-1, I used me
*
=0.22m0 for GaN and me
*
=0.19m0 for In0.09Ga0.91N. The 
calculated effective Richardson constant is A
*
 = 26.4 A cm
-2
 K
-2
 for n-type GaN and A
*
 = 22.8 A cm
-2
 K
-2
 for n-
type In0.09Ga0.91N.  
By numerical analysis, I used the following equation to fit the linear part of the J-V curve to extract the 
Schottky properties B  and n at 293 K depending on the effective Richardson constant A
*
 previously estimated: 
   





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




 1
62.39
exp62.39exp2932*
nV
AJ B  (5-6) 
 
The Schottky barrier height and the ideality factor obtained are summarized in the following table depending on 
the effective Richardson constant used: 
  
 
Fig. 5-8: Current-voltage measurement under dark condition for the Schottky properties on thick 
In0.09Ga0.91N film 
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Table 5-2: Schottky barrier height and ideality factor extracted from J-V analysis of In0.09Ga0.91N at 293 K 
depending on the effective mass of electron and on the effective Richardson constant used. 
 GaN In0.09Ga0.91N 
Effective mass of electron mn
*
 0.22 m0 0.19 m0 
Effective Richardson constant A
*
 (A cm
-2
 K
-2
) 26.4 22.8 
   
Parameters extracted from J-V analysis for In0.09Ga0.91N 
Using GaN 
parameters 
Using In0.09Ga0.91N 
parameters 
Schottky barrier height (eV) 0.863 0.860 
Ideality factor 7.907 7.907 
 
 
As Table 5-2 clarifies, the difference between the Schottky barrier heights extracted for In0.09Ga0.91N using the 
effective Richardson calculated for GaN or In0.09Ga0.91N is only about 0.003 eV. And there is no difference 
concerning the ideality factor extracted. Thus I can conclude that for indium content lower than 10%, the effective 
Richardson constant and the effective mass of electron from n-type w-GaN material can also be used for InGaN 
films to estimate the Schottky properties. 
On the thick In0.09Ga0.91N, the Schottky barrier height was estimated at B = 0.86 eV and the ideality 
factor much higher than 2 at n = 7.90. Furthermore, the reverse leakage current of the diode is quite high, about 
10
-5
 mA/cm
2
 at -4V bias. A possible reason to explain this high leakage current is the presence of defects inside 
the Schottky junction. 
 
5-1.3  Capacitance-Frequency and capacitance-voltage measurements 
Before the capacitance-voltage (C-V) measurement, it is necessary to analyze the capacitance-frequency 
(C-f) measurement to determine the range of frequencies where the C-V does not fluctuate. Figure 5-9 presents 
the C-f analysis for the Schottky contact on the thick In0.09Ga0.91N film, where the capacitance has a small 
variation from 100 Hz to 50 kHz. Thus, I employed a frequency of 10 kHz for the C-V measurement. 
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Figure 5-10 presents the variation of 1/C
2
 as a function of the applied voltage measured at 10 kHz in 
order to estimated the built-in potential (Vbi), the carrier concentration (Nd) and the depletion layer (Wd) of the 
Schottky junction. 
The Vbi is obtained by extending the linear part of 1/C
2
 to zero and Nd depends on the slope and is 
determined by the following equation: 
 
V
C
qA
N
s
d



)/1(
2
2
0
2 
, 
(5-7) 
 
Fig. 5-9: Capacitance-frequency measurement under dark condition for the Schottky properties on 
thick In0.09Ga0.91N film 
 
Fig. 5-10: Capacitance-voltage measurement under dark condition for the Schottky properties on 
thick In0.09Ga0.91N film 
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where A is the Schottky area of the device, 6.210-3 cm2. The depletion layer Wd is estimated as follow: 
 
d
bis
d
qN
VV
W
)(2 0 

. (5-8) 
At V = 0V, the depletion layer depends only on the built-in potential Vbi, and the carrier concentration Nd. 
In Fig. 5-10, two distinct slopes are clearly found with a transition at -1.75 V, reflecting that the sample 
structure consisted of two layers with different carrier concentrations. The estimated carrier concentrations from 
the two slopes were 1.510
17
 cm
-3
 and 6.810
16 
cm
-3
 corresponding to the In0.09Ga0.91N layer and the under-layer, 
respectively. The depletion depth at -1.75 V was evaluated at 240-260 nm, in well accordance with the thickness 
of InGaN layer. 
Because of the different under-layers below the thick In0.09Ga0.91N, Vbi could not be determined, but the 
SBH estimated at 0.86 eV which is lower than SBH obtained using GaN material, about 1.0~1.1 eV, clearly shows 
the presence of a defective layer at the interface between the metal and the film. This defective layer is also 
possibly related to the defects and defect levels present inside the InGaN film, which can be involved in the 
difference of carrier concentration estimated. It is possible to determine the concentration and the nature of these 
defect levels thanks to the Schottky junction and the depletion layer generated inside the thick In0.09Ga0.91N film. 
 
5-2 In0.09Ga0.91N defect levels studied by deep level transient spectroscopy 
(DLTS) 
5-2.1  Principle of the DLTS technique 
The deep-level transient spectroscopy gives information by measuring how the non steady-state high-
frequency capacitance changes with time. The DLTS invented by D.V. Lang [13] is now widely used to detect the 
defect levels in the bandgap. This method utilizes measurements of transient capacitance following the pulse-bias 
in a p-n junction or Schottky junction to monitor changes in the charge states of defects centers. The DLTS signal 
is the difference of capacitance at two different times after a filling pulse. It shows peaks for different trap levels 
in the sample at respective temperatures (T). If traps are filled by a filling pulse and the reverse bias is switched on 
again, the sample is in thermal non-equilibrium and relaxes into equilibrium by detrapping the charges back. This 
relaxation process is related with a capacitance transient. Its time constant is governed by the thermal emission 
rate (en,p) which depends on the trap energy level (Et) at the temperature (T) : 
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where NC,V is the effective density of states in the conduction or valence band, n,p is the capture cross section of 
the trap, n,p is the thermal carrier velocity, and g is the degeneracy factor. This factor will be kept equal to 1. The 
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thermal carrier velocity and the effective density of states are both functions of the temperature as shown in the 
following equations: 
Thermal carrier velocity: 
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Effective density of state: 
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Equations (5-10) and (5-11) show the fact that the emission rate is correlated to the temperature T and 
exponentially dependent on 1/T : 
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So the thermal energy of the trap Et (or activation energy) determined by the slope and the capture cross section   
determined by the intercept with horizontal axis, are the main features of the curve. Because in Eq. (5-13), for 
each trap, the trap energy and the capture cross section are determined by its slope and intercept, respectively. 
From an Arrhenius plot, ln(en,p) ~ 1/T. The DLTS signal is scaled to capacitance because of the following 
equation: 
  )()( 12 tCtCaDLTS   (5-14) 
The DLTS measurement was carried out in the wider temperature range from 10 to 450 K. During the raising of T, 
according to exp(-Et/kT) dependence of the thermal emission rate, as long as T is too low for significant thermal 
emission until t2, the difference in Eq. (5-14) is equal to zero. If T is so high that the thermal emission is already 
over at t1, the difference in Eq. (5-14) is also zero. Only if the emission time constant τe, or its inverse, the 
emission rate en,p, of one defect level falls into the so-called “rate-window” given by the definition of t1 and t2, a 
DLTS peak appears. We obtain the following condition for the DLTS peak to appear [14]: 
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e pn

  (5-15) 
The “rate-window” is the inverse of τe according to the formula of the relaxation time constant τe, and has the unit 
of s
-1
. 
The term “peaks” is often used in DLTS technique even if it is corresponding to “dips”. In fact the 
presence of a negative peak (or a dip for convenience) indicates the presence of a majority trap level (electrons for 
n-type semiconductor). 
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From DLTS measurements, the traps concentration Nt (in cm
-3
) can also be determined by using the 
carrier concentration at 300 K estimated by C-V (n~ND-NA≡Nd) measurement and the following equation: 
 
0
2
C
C
NN dt

  
(5-16) 
As far as we know, only one group  has also used the DLTS technique to determine the defect level inside 
a thin InGaN layer [15]. And no group yet has studied these defect levels in a thick 200 nm InGaN layer. 
Concerning the GaN, many reports can be found. A summary of the capture cross section, defect levels and 
possible nature of those defects are presented in the following table for GaN and InGaN. 
Table 5-3: Defects levels and their characteristics underlined by DLTS for w-GaN with their main related natures. 
Material 
Defect 
level (eV) 
Ec-Et= 
Capture cross 
section (cm
-2
) 
Defect 
concentrati
on (cm
-3
) 
Temperature of 
peak apparition 
(K) 
Possible related nature of 
defects 
Ref. 
InGaN 
0.35-0.45 
(DL1) 
- 10
13
 375 
Origin still unknown, 
possibly related to vacancies 
[15] 
GaN 
0.5-0.6 
(E2) 
4.9410-17 
~1.610-15 
2.31013~ 
2.31014 
361 
Nitrogen antisite (NGa), 
point-defect nature 
[16] 
GaN 0.23 (E1) 5.4310-15 9.51013 162 Buffer growth condition [16] 
GaN 0.62 610-15 4.11014 335 Residual Mg in GaN [17] 
GaN 1.0 (A1) - - 420 N interstitial [18] 
GaN 0.67 (A) - - 330 - [18] 
GaN 0.60 (B) - - 280 
Foreign impurity, Carbon, 
CGa or more complex 
arrangements 
[18] 
GaN 0.35 (C) - - 180 VN related complexes [18] 
GaN 0.25 (D) - - 135 VN related complexes [18] 
GaN 0.16 (E) - - 110 Vacancy VN [18] 
GaN 0.11 2.010-20 41013 140 
CGa-related donors in 
GaN:C:Si 
[19] 
GaN 0.15 2.310-18 51013 110 
CGa-related donors in 
GaN:C:Si 
[19] 
       
(continued to next page)    
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Material 
Defect 
level (eV) 
Ec-Et= 
Capture cross 
section (cm
+2
) 
Defect 
concentrati
on (cm
-3
) 
Temperature of 
peak apparition 
(K) 
Possible related nature of 
defects 
Ref. 
GaN 0.20 2.510-17 2.71014 160 - [19] 
GaN 0.61 510-16 2.91014 310 
Not related to C defect, 
intrinsic defect 
[19] 
GaN Ev+0.9 
210-13 
~710-15 
- 390 
Hole trap when C co-doping, 
result of C incorporation 
[19] 
GaN 0.25 (E1) 1.610-15 1.251014 135 
VN related defect with 
threading dislocations 
[14] 
GaN 0.62 (E2) 2.410-15 2.61015 290 VGa related centers [14] 
GaN 0.602 810-16 2.01014 260-330 Neutral charge center [20] 
GaN 0.26 (E1) 1.610
-15
 2.61015 175 - [21] 
GaN 0.58 (E2) 2.910
-15
 3.61014 335 Nitrogen level [21] 
GaN 0.66 (E3) 1.010
-15
 3.81014 390 Nitrogen level [21] 
GaN 0.45 (X) 3.010-19 - 300~370 Defect arise from dislocation [22] 
GaN 0.58 (E3) 2.010
-15
 - 300~370 Isolated defect [22] 
 
 
D.C. Look et al. also found that the traps A1, C, D, and E grow under plasma-ion irradiation, which shows 
their defect natures [18]. However the trap B at ~0.6 eV is unchanged after electron or plasma irradiation, which 
suggests that this trap is related to a pre-existing defects such as the Ga vacancy VGa. 
 
5-2.2 Measurements using DLTS technique 
The steady-state reverse bias and the filling pulse voltage in DLTS were 0 V and +10 V, respectively. 
The width of filling pulse was 100 sec to ensure that all defects, even those with small electron capture cross 
sections were saturated. The DLTS measurements were carried out in the wider temperature range from 10 to 450 
K. Figure 5-11 shows the illustration of the measurement system: 
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5-2.3 Analysis of DLTS measurements  
I performed the DLTS analysis for the InGaN sample at various rate windows t2/t1 for a constant ratio 1/5 
under 0 V bias as shown in Fig. 5-12. Two dips, denoted by E1 at 50 K and E2 at 325 K, are observed, which 
means traps for majority carrier are present. These dips are shifted with an increase in electron emission rate from 
2×10
2
 to 4×10
3
 s
-1
, previously defined as en = 1/max = ln(t2/t1)/(t2-t1).  
 
Fig. 5-11: DLTS measurement system 
 
Fig. 5-12: DLTS spectra at various rate windows for the In0.09Ga0.91N sample 
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The dip E1 is shifted to higher temperature when the electron emission rate increases with an 
enhancement of its amplitude. This reveals the fact that the defect level is located near the conduction band as 
shallow donors. Concerning the dip E2, it is shifted to lower temperature when the rate window increases with 
maximum amplitude for the lowest rate window. Thus the defect level E2 is located deeper under the conduction 
band. 
Shallow impurities require a little energy, typically around the thermal energy or less, to ionize. Deep 
impurities require energies larger than the thermal energy to ionize so that only a fraction of the impurities present 
in the semiconductor contribute to free carriers. Deep impurities which are more than five times the thermal 
energy away from either band edge are very unlikely to ionize. Such impurities can be effective recombination 
centers in which electrons and holes fall and annihilate each other. Such deep impurities are also called traps. 
The Arrhenius plot of the dip E2 is plotted with the previous DLTS data for GaN [15] in Fig. 5-13 
previously introduced in Table 5-3. And the one corresponding to the dip E1 is plotted in Fig. 5-14 due to the 
large difference in scale. 
 
 
Fig. 5-13: Arrhenius plot of the dip E2 from DLTS analysis of the In0.09Ga0.91N sample compared 
to defect levels of InGaN and GaN in Ref. [15]. 
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The activation energy was evaluated 22 meV and 0.6 eV by the slope of the graphs for the defects 
E1 and E2, respectively. The defect level E1 with an activation energy of 22 meV is close to the one reported 
to be attributed to oxygen (23.3meV, [4]) or carbon (25.1meV, [4]) impurities in GaN material. Another 
candidate is the nitride vacancies VN [4], [5]. However, the nature of this very shallow donor level is still not 
clear due to a dip present at a temperature range from 50 to 75 K, which is not commonly observed, and a 
small capture cross section about 2.3×10
-20
 cm
2
. The concentration of defect level E1 was estimated at 
4.5×10
14
 cm
-3
 from Eq. (5-16). 
The defect E2 located at 0.6 eV is commonly detected by DLTS, but there is still controversy to 
determine whether the origin comes from carbon impurity [18], the III-group element vacancy (VIII:Ga 
and/or In) point defects involving oxygen [15], and/or anti-site nitrogen (NGa) [16]. The concentration of 
defect level E2 is about 4.1×10
14
 cm
-3
. Since both the concentration of defects E1 and E2 could not explain 
the carrier concentration obtained by C-V measurement of 1.5×10
17
 cm
-3
, Thermal Admittance Spectroscopy 
(TAS) are also performed to examine the defects at shallow energy levels. 
 
  
 
Fig. 5-14: DLTS Arrhenius plot of the dip E1 from DLTS analysis of the In0.09Ga0.91N sample 
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5-3 Shallow defect levels of In0.09Ga0.91N analyzed by thermal admittance 
spectroscopy (TAS) technique 
5-3.1 Principle of the TAS technique 
The Thermal Admittance Spectroscopy (TAS) technique, also called Admittance Spectroscopy, is a very 
convenient tool for analyzing majority carrier traps. As shown by Sah et al. [23], one important feature of the 
capacitance of a diode (Schottky or diffused) in the presence of traps, or defect levels, is to be frequency and 
temperature dependent.  
In principle, the presence of a deep level in the measured rectifying junction is determined by a flexion in 
the capacitance-frequency (C-f) curves and a peak in the conductance-frequency (G/f) curves which occurs at 
frequency f0. This frequency is related to the emission rate of the deep level en (in the case of n-type 
semiconductor) as a function of temperature T: 
 00 2 fw  ,        )()(0 TeTw n ,        

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kT
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where n is the capture cross section of the deep level, NC is the density of states in the conduction band, n the 
thermal velocity of electrons and Et is the energy level of the donors bellow the conduction band edge. 
However, the response of majority carriers at a measurement frequency is limited by the dielectric 
relaxation time (τrel). The majority carriers cannot respond to the measurement frequency (f) when the angular 
modulation frequency =2f exceeds 1/τrel. The C-f and G/f curves should shift towards higher/lower frequencies 
by increasing/decreasing the measurement temperature, and hence it is possible to evaluate the dependence of the 
defect emission rate on temperature. The equivalent circuit of a Schottky diode or a p-n junction is a junction 
capacitance C in parallel with a junction conductance G (which governs the leakage current) and a series 
resistance Rs (which depends on bulk resistivity and on contact resistance), as shown in Fig. 5-15. 
 
Fig. 5-15: Parallel equivalent circuit of a Schottky diode or p-n junction. 
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The energy diagram of the Schottky barrier with the presence of a defect level ET is presented in Fig. 5-16 
for n-type semiconductor under reverse-bias conditions. In the depletion region, the quasi-Fermi level for 
electrons is only drawn, which can be identified with the bulk Fermi level in the useful region. 
 
If the applied voltage is changed from V0 to V0+V by a small fluctuation on the order of mV generally, the 
crossing point between EF and ET moves from x to x+x. The traps which are thereby above the Fermi level emit 
their electron into the conduction band with an emission rate en. When the voltage is decreased again, the opposite 
occurs, thus leading to an additional current in the external circuit of the diode. 
 
a) Expression of the conductance GT and capacitance CT 
At low temperature, the total charge emitted (after an infinite time) is: 
 xAqNQ T   , (5-18) 
where q is the electron charge, A is the diode area, and NT is the concentration of traps. In homogeneous 
semiconductors, for traps near the conduction band the depletion width x0 is given by [24]: 
 
2/1
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, (5-19) 
where ε is the dielectric constant for the material, N+ is the concentration of fixed positive charge (in the case of a 
n-type semiconductor) in the depletion region, and V is the applied voltage changed from V0 to V0+V. The 
variation of the depletion layer x0 is estimated by derivating the Eq. (5-19) according to x0: 
 
Fig. 5-16: Principle of TAS technique, energy diagram of a Schottky barrier (n-type semiconductor) with the 
presence of a defect level ET. 
  
- 128 - 
 VV
qN
V
V
x
x 

 2/1
2/1
0
0
2
2
1 










 , with )( 0xqN   (5-20) 
which gives : 
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(x) is the local density of positive charges. In homogeneous semiconductors, it is equal to qN+ in the whole 
depletion layer and (x0) is equal to qn, where n is the number of free carriers in the bulk. The difference between 
N+ and n arises because of the deep lying levels. Thus Eq. (5-21) can be rewritten: 
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From Eqs. (5-18) and (5-22) we obtain 
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If an ac signal, V = V0 exp(jt), is applied to the diode, the current in the circuit is given by: 
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where en is the electron emission rate of the traps. 
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By substituting Eq. (5-25) into Eq. (5-24) with the expression of Q(t) given by Eq. (5-23), the current can be 
written: 
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The solution may be written: 
  )(exp)cos( 0   tjVei n , (5-27) 
with 
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This current has two components one in phase, denoted iphase, and the other in quadrature, iquad, dependent on V: 
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Thus, the traps induce a conductance GT given by [24]: 
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The exchange of electrons between the traps and the conduction band also leads to an additional capacitance CT: 
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b) Variation of GT and CT with temperature and frequency 
I plotted the theoretical variation of CT and GT depending on the frequency in Fig. 5-17 [24]. At high 
frequency, the additional capacitance disappears while the conductance remains constant. The admittance CT has 
a maximum for  = en. The conductive to capacitive current ratio in the diode is GT/CT = /en. Consequently, 
the effect of the additional conductance increases with frequency. However, if the total capacitance of the barrier 
is C=C0+CT, with C0 independent of the frequency, the ratio GT/C0 vanishes at high frequency. Thus, the study 
of GT or CT can be made at a moderate frequency from 1 kHz to 200 kHz. 
 
Fig. 5-17: Calculated variation of the capacitance CT, the admittance CT, and the conductance GT associated 
with one trap depending on the frequency . 
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The electron emission rate en is related to the temperature through: 
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The variation of en with the temperature is preponderant. Then the conductance has a maximum en =  at a 
specific temperature: 
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The theoretical variation of GT and CT depending on T is shown in Fig. 5-18 [24]. In the presence of a defect 
with a specific energy level, the conductance as a function of temperature shows a specific peak and the 
capacitance as a function of temperature presents a step. 
Compared with the DLTS technique, the main physical difference is that in the DLTS method all the 
levels in the depletion layer are involved because direct pulses are applied to the diode; as for the conductance (or 
additional capacitance), only traps near the Fermi level are involved. Another difference is that for shallow levels, 
only the traps located near the zero-field region of the junction are involved, so electric field effects are avoided.  
  
 
Fig. 5-18: Calculated variation of CT and GT as functions of temperature. 
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c) General expression of the capacitance 
The general expression of the capacitance of the Schottky barrier is: 
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Then the measured capacitance in the presence of traps is written as [24] 
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A more complicated situation arises when the traps are not completely filled. This can happen with donor levels at 
intermediate temperatures because of the ionization energy of these levels (≈100 meV). The donors may then act 
as traps. If the Boltzmann statistics is assumed, a complete calculation provides the following approximate 
formula [24]: 
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where ND is the total number of donors. It is generally different from either n (the carrier concentration in the 
bulk) or N+ (the density of positive charges) because of the compensation of the material. The term exp[-(ED-
EF)/kT] leads to a small shift of the conductance peak maximum (Tm). 
 
5-3.2 Measurements using TAS technique 
The TAS measurements were carried out in the wider temperature range from 10 K to 450 K.  
An AC modulation level of 150 mV and frequencies ranging from 1 kHz to 200 kHz were conducted in 
TAS analysis with a bias voltage from 0 to -3 V. Figure 5-19 presents the TAS measurement system. 
For the TAS analysis, the sample was set in a cryostat, and the conductance and capacitance were 
measured at a fixed frequency then the temperature was increased slowly. The measurement was repeated at 
different frequencies from 1 kHz to 200 kHz. 
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5-3.3 Analysis of TAS measurements  
The conductance and capacitance for a thick In0.09Ga0.91N are presented in the following figures. Figure 
5-20 corresponds to a measurement at a bias voltage of 0V, Fig. 5-21 for -0.5V, Fig. 5-22 for -1.0V, Fig. 5-23 for 
-1.5V, and Fig. 5-24 for -3.0V. The conductance depending on the temperature at different frequencies is 
presented on the left graphs (a) and the capacitance depending on the temperature at different frequencies is 
presented on the right graphs (b). 
For a bias voltage between 0 to -1.0 V (Fig. 5-20, Fig. 5-21, and Fig. 5-22), three peaks are present in the 
conductance curves, denoted by A1, A2 and A3, respectively. 
The peaks A1 and A2 are shifted towards higher temperatures with increasing frequency as might be 
expected because of the increase of the emission rate en with increasing temperature. Moreover, the peaks A1 and 
A2 show a remarkable temperature-shift of capacitance dispersion toward higher temperature [red arrows for Fig. 
5-20(b) to Fig. 5-24(b)]. So A1 and A2 correspond to bandgap states that are electronically active defects present 
inside the bandgap of the material. 
 
 
Fig. 5-19: TAS Measurement System 
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Fig. 5-22: Conductance (a) and capacitance (b) for In0.09Ga0.91N depending on temperature and frequency at -
1.0 V bias. 
 
Fig. 5-21: Conductance (a) and capacitance (b) for In0.09Ga0.91N depending on temperature and frequency at -
0.5 V bias. 
 
Fig. 5-20: Conductance and capacitance for In0.09Ga0.91N depending on temperature and frequency at 0 V bias. 
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On the other hand, the peak A3 in the conductance curves from 0 to -1.5V, where this peak is observed, 
reveals a small shift toward lower temperatures with increasing frequency [Fig. 5-20(a), Fig. 5-21(a), and Fig. 
5-22(a)]. On the capacitance-temperature graphs, there is no capacitance dispersion with temperature dependence 
but only a singularity. So the peak A3 seems to come from the structure without electronic response and can be 
related to a structural defect. 
At higher bias voltage -1.5V and -3.0V (Fig. 5-23, and Fig. 5-24), the peak A2 becomes harder to 
evaluate even if the shape of the curve is still influenced by its presence. At -3.0V, the peak A3 also disappears. 
The depletion layer increases by the negative bias. I presented the maximum conductance signals at 15 kHz 
 
Fig. 5-24: Conductance (a) and capacitance (b) for In0.09Ga0.91N depending on temperature and frequency at -
1.5 V bias. 
 
Fig. 5-23: Conductance (a) and capacitance (b) for In0.09Ga0.91N depending on temperature and frequency at -
1.5 V bias. 
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frequency as a function of the bias voltage in Fig. 5-25. For the peaks A1 and A2, the conductance decreased with 
increasing negative bias voltage, and thus the thickness of the depletion layer. This means that the peaks A1 and 
A2 come from the top In0.1Ga0.9N layer. The conductance signal for the peak A3 has a maximum between -0.5 and 
-1.0 V. So, the peak A3 is not related to the surface layer and could come from the interface GaN / InGaN where 
structural defects can occur due to the different growth conditions between GaN and InGaN films. 
 
I used the conductance curve at 0 V bias in order to estimate the temperature where peaks A1 and A2 
appeared depending on the frequency. I calculated the normalized conductance by the frequency  using G(n 
kHz)/ n kHz, where n is the corresponding frequency  of the measured conductance G(). Figure 5-25 shows the 
temperature dependence of conductance normalized by the frequency G()/ evaluated by the TAS measurement 
under 0 V bias condition. Three peaks A1~A3 are dominantly detected. Both peaks A1 at 40 K and A2 at 110 K in 
the 2 kHz measurement are shifted toward higher temperature with increasing frequency. The dependence of peak 
shift on the frequency indicates that the defects are regarded as electrically active [25]. 
With a similar method and Eq. (5-9) as for the DLTS technique, I plotted an Arrhenius graph to estimate 
the activation energy ET of the defect level and its capture cross-section n. Taking the degeneracy factor g equal 
to 1, the electron emission rate en from Eq. (5-9) can be written as follow: 
 






kT
E
Ne tCnnn exp . (5-37) 
I calculated the thermal velocity of electron to be υn = 2.7×10
7
 cm s
-1
 with an effective mass me
*
=0.19 m0 [4], and 
the effective density of states of conduction band (Nc = 2.0×10
18 
cm
-3
). The activation energy of peak A1 and A2 
 
Fig. 5-25: Maximum conductance at 15kHz frequency in function of the bias voltage applied for each peak A1, 
A2, and A3 observed. 
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was estimated at 7 meV and 108 meV, respectively, by the Arrhenius plot presented in Fig. 5-27. The cross 
section of A1 defect (Et = 7 meV) was estimated at 2.4×10
-20 
cm
2
. 
 
 
 
 
Fig. 5-27: Arrhenius plot of the defect levels underlined by TAS (A1, A2) and DLTS (E1, E2) analysis for 
In0.09Ga0.91N. 
 
Fig. 5-26: Conductance normalized by the frequency from 2 to 100 kHz from TAS measurement. 
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Taking both the small activation energy and the significantly small cross section into account, we have 
considered that the peak A1 would be attributed to higher carrier concentration of the InGaN. Since the defect 
corresponding to A1 with low energy level was not detected for GaN, we suggest that one of the possibilities 
would originate from indium-related defect like indium fluctuation. Also, Obata et al. reported that the formation 
energy of VN decreased with increasing number of In adjacent to VN [26], meaning that indium can gather easily 
around VN in InGaN film. The VN was theoretically predicted to act as a single donor of n-type residual carrier 
[27], though the concentration and energy level are still unknown. 
The conductance measurement was also performed with applied bias voltage from -1V to 2V to analyze the 
distribution of the defects A1 and A2 inside the In0.09Ga0.09N film. The thickness of the depletion layer was 
modified depending on the applied bias voltage. When the conductance measurement was performed at 10 kHz, 
the peak A1 was detected at the constant temperature of 75K while the temperature of peak A2 was shifted 
toward lower temperature from 140 K to 110 K as presented in Fig. 5-28. This result implies that the defect 
of peak A1 must be homogeneously distributed in the whole thickness of InGaN, while the defect of peak A2 
should be localized near the surface. This confirms the hypothesis of the indium fluctuation for the origin of A1. 
The origin of A2 can be a defective surface and a reason for poor Schottky properties on InxGa1-xN material such 
as lower barrier and higher ideal factor. Contrary to these defects, the peak A3, which is still unknown, shows no 
frequency dependence and could be related to a structural defect at the interface GaN / InGaN (Fig. 5-26).  
 
 
 
 
 
Fig. 5-28: Evolution of Peaks depending on bias voltage from -1V to 2V from the defect levels underlined by TAS 
analysis. 
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5-4 Low energy activation of defects related to dielectric relaxation 
Three defect levels were found just below the conduction band at Ec-7meV (A1), Ec-108meV (A2) by 
TAS and Ec-22meV (E1) by DLTS. Furthermore, for TAS measurement, the capture cross-section measured was 
very small on the order of 10
-17
 to 10
-20
 cm
2
. We need to clarify whether the characteristics of these defect levels 
are enough pertinent or they are due to a dielectric relaxation of the material. 
A dielectric relaxation is the momentary delay in the dielectric of materials. This is usually caused by the 
delay in molecular polarization with respect to a changing electric field in a dielectric medium inside capacitors. 
The value εs may also be different from the semiconductor static permittivity. If during the emission process, the 
electron transit time from the metal-semiconductor interface to the barrier maximum xm is shorter than the 
dielectric relaxation time, the semiconductor medium does not have enough time to be polarized, and smaller 
permittivity than the static value is expected. 
TAS analysis was also performed on slightly Si doped GaN films. Three samples with different Si doping 
of 3×10
16
, 5×10
16
 and 1×10
17
 cm
-3
 were employed. The defect levels observed were plotted on the Arrhenius plot 
beside the ones observed for In0.09Ga0.91N as Fig. 5-29 shows. The defect levels of GaN:Si were estimated at 19 to 
25 meV for different samples, which was consistent with the shallow Si doping level. I calculated the 
corresponding capture cross section, which was about 1.64×10
-16
 cm
2
 from the defect level of 25 meV, 4.14×10
-19
 
cm
2
 for the defect level of 24 meV and 2.39×10
-18
 cm
2
 for the defect level of 19 meV, respectively. These low 
capture cross sections also found for other GaN material confirm that the defect levels revealed by TAS analysis 
 
Fig. 5-29: Arrhenius plot of the defect levels underlined by TAS (A1, A2) and DLTS (E1, E2) analysis for 
In0.09Ga0.91N compared with defect levels for Si doped GaN. 
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for our material In0.09Ga0.91N are pertinent even if the capture cross section estimated has a small value of about 
10
-17
 to 10
-20
 cm
2
. 
 
5-5 Deep level optical spectroscopy 
In this section, I will describe the defect level revealed by the deep level optical spectroscopy for the 
In0.09Ga0.91N sample. After the presentation of the principle of this analysis and the measurement system, the 
defect levels will be described in detail. 
 
5-5.1 Principle of DLOS analysis 
The principle of the DLOS measurement can be summarized as shown in Fig. 5-30. A defect level is 
depleted and charges are accumulated inside by modifying the applied voltage on the Schottky junction. These 
accumulated charges are released by the irradiation of a monochromatic light. A variation of capacitance occurs as 
a unique signature of a defect level when the radiation energy is enough to emit the charges to the conduction 
band. The position of the defect level corresponds to the energy necessary to excite the accumulated charges 
 
Fig. 5-30: Schematic principle of the DLOS measurement in four steps. 
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which corresponds to the energy of the monochromatic light. To detect the different defect levels inside the 
material, thus different photoemissions related to defects, the capacitance of the Schottky junction depending on 
the wavelength of the monochromatic light is performed [28]. 
 
5-5.2 Measurement using DLOS analysis 
Deep-level optical spectroscopy (DLOS) analyses were performed, measuring photocapacitance 
transients as a function of incident photon energy from 0.78 eV up to 4.0 eV. The Schottky diode sample was 
maintained under different reverse bias voltage conditions. Prior to optical excitation, the deep levels were filled 
with electrons in the dark by applying a voltage pulse of +3 V with a pulse width of 3.0 sec. 
Figure 5-31 presents the DLOS measurement system [28]: 
5-5.3 Defect levels underlined by DLOS analysis 
Figure 5-31 presents the DLOS spectra for the InGaN film under 0 V bias. Five photoemissions are 
detected at ~1.02 eV (S), ~ 1.70 eV (T2’), 2.07 eV (T3’), 2.70 eV (T4’) and ~3.05 eV (T5’) in addition to the 
near-band-edge (NBE) emission of In0.09Ga0.91N and GaN at 3.2-3.5 eV. Compared to the five photoemissions 
identified at ~1.4 eV (T1), ~1.7 eV (T2: dislocation-related defect), ~2.1 eV (T3: Ga vacancies (VGa; the 2-/3- 
transition level [29], [30]) and/or VGa-ON complex [31]), ~2.8 eV (T4: VGa-C complex) and ~3.15 eV (T5: shallow 
carbon (CN) defects) from the GaN [32], the DLOS signal for the InGaN was one order of magnitude higher than 
those of the GaN. Each defect in the InGaN sample was located at energy between that of In0.2Ga0.8N film grown 
 
Fig. 5-31: DLOS Measurement System 
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by molecular beam epitaxy [33] and the GaN. Here, it is worth noting that T3’ and T5’ corresponding to vacancy 
and/or impurity – related defects are remarkably enhanced for the InGaN. Indeed the scale of the DLOS spectra is 
about 10
17
 cm
-3
 for In0.09Ga0.91N in contrast with GaN for which it is about 10
16
 cm
-3
. 
The photoemission T3’ and T5’ of In0.09Ga0.91N can be identified by analogy with GaN material: T3’ 
(2.07 eV) is possibly related to cation vacancy (VIII) and complexes related with impurities such as oxygen (VIII-
ON). T5’ can be related to the shallow carbon acceptor (CN). For the In0.09Ga0.91N material these two defects are 
much enhanced compared to GaN material. In addition to CN at 3.15 eV, the VN may be related to the increase of 
the defect of T5’. According to the increase of VN, the cation vacancy complex with VN was expected to be 
increased as well. Indeed, Uedono et al. concluded from the positron annihilation method that the cation vacancies 
coupled with multiple nitrogen vacancies (VNs) in InGaN was easily introduced [34]. In the S-W plot obtained 
from the positron annihilation, the cation vacancy coupled with oxygen is likely to have both lower S- and higher 
W-parameters than the theoretical values (defect free) for AlN [35] and InN [36]. The S- and W-parameters of the 
InGaN film from the positron annihilation indicated much lower VIII-ON complex. From the DLTS analysis for 
GaN, the VGa-VN complex defect was likely detected as continuously tailing peaks (negative slope with increasing 
temperature) in the range of 100 K – 300K in Fig. 5-12. This might support that the VGa-VN complex was 
enhanced for InGaN sample [16]. However, since there is the report that the formation energy of VGa-ON must be 
smaller than that of VGa-VN in GaN [37], further experiments such as dependence of InN mole fraction is 
necessary to conclude the origin of both T3’ and T5’ detects. 
 
 
Fig. 5-32: DLOS Spectra measured at 0V bias condition for InGaN (left axis) and GaN (right axis). Five defect 
states denoted T1’ – T5’ are clearly observed in addition to the near-band-edge (NBE) emission of InGaN and 
GaN at 3.2 – 3.4eV. 
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In addition, by changing the bias voltage condition for the InGaN sample, the defect states of T3’, T4’ 
and T5’ from the InGaN sample were dominantly observed near the interface InGaN / multi-layer structure. Since 
these defects were mainly generated at the initial InGaN growth, this might be related to difficulty of growth of 
thicker InGaN film without forming any defects such as V-pits on the surface. 
 
5-6 Conclusion 
In0.09Ga0.11N films of 200 nm in thickness were grown on GaN templates on c-sapphire substrates by 
MOCVD. In order to detect deep-level defects which would give large influence on the carrier transport of 
photon-passive devices such as III-V nitride solar cells, TAS, DLTS and DLOS measurements were performed on 
the InGaN sample. TAS analysis revealed both two defect levels with different activation energies. The defect 
located at Ec-7 meV seems to be uniformly distributed in the InGaN layer, which should originate from an indium 
fluctuation and/or nitrogen vacancy. The defect energy level of Ec-108 meV was dominantly detected near the 
interface between the electrode and InGaN, probably due to an interface state with Ni-electrode and i-InGaN.  
From the DLTS analysis, two other defect levels were found inside In0.09Ga0.91N, one located just under 
the conduction band at Ec-0.22 meV and one deep level located at Ec-0.6 eV. This deep level was commonly 
observed for GaN and was often reported as a cation vacancy such as VGa. 
From the comparison of DLOS spectra of GaN and InGaN, it is suggested that the defects at Ec-2.07 eV 
and at Ec-3.05eV must be easily introduced by alloying InN with GaN for thicker In0.09Ga0.91N films. 
A summary of all the defect states found in this study is presented in Fig. 5-33. 
Finally I can also discuss the extrinsic or intrinsic character of each defects observed for our In0.09Ga0.91N 
material. I personally think that the defects observed by DLOS at Ec-2.07 eV, Ec-3.05 eV and the one observed by 
DLTS at Ec-0.6 eV are intrinsic defects of InGaN and GaN materials. Thus these three defects must be the cause 
of recombination center for free charges. Future studies are necessary to develop processes which can reduce the 
concentration of these level defects. 
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Fig. 5-33: Summary of the defect states found in In0.09Ga0.91N films by using the TAS, DLTS and DLOS 
measurements. 
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In this chapter, I will describe the fabrication of Schottky junction on GaN and InGaN films focusing on 
the potential of these films for photovoltaic application. For this, the Schottky junction is realized by using two 
different transparent conducting polymers (TCO), polyaniline and PEDOT:PSS. PEDOT:PSS shows better 
Schottky properties and the junction properties have a better stability. This work also presents a new device using 
a thin metal layer deposited on the TCO in order to enhance the photovoltaic properties obtained and maintain 
these properties for long duration. 
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Then, the photovoltaic properties obtained using p-n homojunction InGaN devices will be compared with 
the p-i-n structure InGaN device. Even if the p-n homojunction InGaN shows poor photovoltaic properties, it is a 
suitable advancement for the future of the InGaN material applied for photovoltaic devices. 
 
6-1 Fabrication of Schottky junction using Transparent Conducting Polymers 
6-1.1 Choice of the Transparent Conducting Polymers  
Since H. Shirakawa et al. discovered in 1977 that the polyacetylene can realize extremely high electrical 
conductivity [1], the field of conducting polymers has attracted a high interest for the development of materials 
which are stable in the conducting state, easily processable, and relatively simple to produce at low cost. The high 
conductivity of polyaniline (PANI) was firstly reported by R. De Surville et al. in 1980 [2]. The structure of PANI 
is presented in Fig. 6-1. Also in 1980, A. F. Diaz and J. A. Logan reported that polyaniline films could serve as 
electrodes [3]. Since 1980 to 2000, conducting polymers based on polyaniline, polypyrrole, polythiophene, 
polyphenylene and poly(p-phenylene vinylene) attracted the most attention. Among these, polyaniline stands out 
for its ability to provide processable and conductive forms in a bulk amount at relatively low cost. Unfortunately 
these products suffer from degradation due to the possible presence of benzidine moieties in the polymer [4]. 
Moreover the (hetero) aromatic polypyrrole, polythiophene and poly(p-phenylene vinylene) have the disadvantage 
of being insoluble and infusible. 
During the second half of 1980s, scientists at the Bayer AG research laboratories in Germany developed a 
new polythiophene derivate, poly(3,4-ethylenedioxythiophene), more commonly denoted by PEDOT or PEDT. 
PEDOT was initially developed to give a soluble conducting polymer. 
At first, PEDOT was found to be an insoluble polymer, but with very interesting properties: a very high 
conductivity of 300 S/cm, almost transparent in thin, oxidized film and a very high stability in the oxidized state. 
Figure 6-2 shows the chemical structure of PEDOT:PSS [5]. The solubility problem was subsequently 
circumvented by using a water soluble polyelectrolyte, poly(styrene sulfonic acid) (PSS), as the charge balancing 
dopant during polymerization to yield the PEDOT:PSS (or PEDT/PSS). This combination results in good 
properties: high conductivity (10 S/cm), high visible-light transmissibility and excellent stability [6]. Films of 
PEDOT:PSS can be heated in air at 100˚C for over 1000 h only with a minimal change in conductivity [6]. 
 
Fig. 6-1: Structure of polyaniline (PANI).(m, n) = (0.5, 0.5) with 50% of amine bonds C-NH-C and 50% of 
imine bonds C=N-C. 
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a) Properties of PEDOT:PSS and derivatives 
PEDOT exhibits an electronic bandgap, defined as the onset of the π-π* absorption, of 1.6 – 1.7 eV and 
an absorption maximum wavelength of 610nm, making it deep blue in color. The band gap of PEDOT can be 
controlled by adjusting the highest occupied molecular orbital (HOMO) and lowest unoccupied orbital (LUMO) 
energy levels of the π-system [6]. Polymers with bandgaps ranging from 1.4 to 2.5 eV have been prepared. For 
example, vinylene (Eg = 1.4 eV), 2,5-dialkoxyphenylene (Eg = 1.75 to 2.0 eV), biphenyl (Eg = 2.3 eV), 
dialkylfluorene (Eg = 2.3 eV) and carbazole (Eg = 2.5 eV). Another derivate, the polymer PBEDT-CNV (where 
the B is stands for bis) with Eg = 1.1~1.2 eV [6]. 
The conductivity of these films was found to be a function of the nature of the dopant anion, which is 1-
10
2
 S/cm at room temperature. Use of PF6
-
 as the dopant counterion has provided especially interesting materials 
with high room temperature conductivity (300 S/cm). Other studies focus on improving the PEDT conductivity. 
For example, PEDT films doped with sulfated poly(-hydroxyether) (PEDT/S-PSE) can reach high conductivity 
in the range of 150-180 S/cm. Also conductivity as high as 400 S/cm was reported when using bis-
trifluoromethyl-functionalized sulfated poly(-hydroxyether) [6]. 
 
b) Recent researches using PEDOT:PSS for Schottky junction 
N. Matsuki et al. used PANI [7], [8], and PEDOT:PSS [8] as transparent conductive polymer (TCP) on n-
type GaN for photovoltaic devices. 
 
Fig. 6-2: Chemical structure of PEDOT:PSS 
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Recently, the UV-ozone irradiation effect on electrical property of PEDOT:PSS film was investigated [9]. 
Two points were clarified. Firstly, the direct UV irradiation decomposes the chemical bonding of PEDOT:PSS 
and secondly, the ozone and atomic oxygen oxidize the polymer surface, which forms a dipole and increases the 
PEDOT:PSS work function. 
Other works were to study layers of PEDOT:PSS, ITO, or PEDOT:PSS+ITO on P3HT:PCBM and 
MDMO-PPV:PCBM bulk heterojunction (organic) solar cells [10]. Voc of solar cells could be kept constant with 
ageing if ITO electrode was avoided. However, due to the higher series resistance, low values of photocurrent 
were observed using only PEDOT:PSS for the realization of solar cells. But, this indicates that more conductive 
films of PEDOT:PSS could lead to ITO-free solar cells and consequently to lower-cost, longer-lifetime, all 
organic solar cells. 
On the other hand, the insertion of a thin layer of PEDOT:PSS between copper phthalocyanine (CuPc, 
this is a organic semiconductor) nanowires and the ITO electrode for solar cell devices improved the contact and 
reduced the series resistance by an order of magnitude [11]. 
J.W. Jung et al. worked on fabrication of high efficiency polymer solar cells [12]. They synthesized a new 
transparent conductive polymer by using polyaniline. The device with PSSa-g-PANI exhibited a photo conversion 
efficiency 20 % higher than that of the device with PEDOT:PSS due to unique high transparency in the UV-vis 
region (especially 450-650 nm) and high conductivity of PSSa-g-PANI. For 40nm of PSSa-g-PANI, the 
conductivity is 0.10 S/cm compared to only 0.007 S/cm for PEDOT:PSS with the same thickness. 
Because of PEDOT:PSS and derivates are a few years old, the research to enhance the properties of 
transparent conductive polymers remains intensive. 
 
6-1.2 Fabrication process of transparent conducting polymer on GaN and InGaN films 
After the deposition of GaN or InGaN film on the sapphire substrate by MOCVD, the transparent 
conducting polymer was deposited by spin-coating under air ambient. A rapid thermal annealing step was 
necessary just after the spin-coating in order to evaporate the solvent inside the film. These processes were 
optimized and described in the following. 
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a) Deposition program of the spin-coating 
The most important point of the spin-coating is to spread a homogeneous layer of the transparent 
conductive polymer without edge effect. The edge effect originates from a wrong optimization of the spin coating 
program where the edge of the sample has a higher thickness of deposited film. The different programs used are 
presented in Fig. 6-3. 
Program 1 of the spin-coating achieved the best result in terms of homogeneity for both the PANI and the 
PEDOT:PSS films. After the spin-coating, the samples were put on a hot plate under ambient air at 250ºC for 10 
min in order to evaporate the solvent. I repeated this process four times in order to obtain a thicker transparent 
conducting polymer. I estimated the thickness by a surface profilometer. After the four-depositions process, the 
thickness of the PEDOT:PSS film was estimated at 0.58μm on sapphire and 0.66μm on GaN film. I estimated the 
 
Fig. 6-3: Presentation of the different spin-coating programs used to deposit PANI and PEDOT:PSS on GaN 
and InGaN films. 
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thickness of about 0.20 μm for one PANI layer by surface profilometer. The thickness of one PEDOT:PSS layer 
was much larger and was about 0.42μm because of a higher viscosity compared to PANI. 
 
b) Transparency of conducting polymer 
I used the transmittance equipment to verify the transparency of the two conducting polymers, PANI and 
PEDOT:PSS. The transmittance spectra obtained are presented in Fig. 6-4 for one layer of each polymer 
corresponding to 0.20 μm and 0.42 μm in thickness for PANI and PEDOT:PSS, respectively. As the spectra 
clarified, both PANI and PEDOT:PSS have a transmittance higher than 80% for the solar spectrum (300 – 1000 
nm) with a reflectivity lower than 10%, which made these polymer suitable for the transparent front Schottky 
contact. 
 
c) Optimization of solvent evaporation on hot plate 
In order to enhance the conductivity of the transparent conducting polymers PEDOT:PSS and PANI, I 
optimized the annealing temperature on the hot plate under ambient air. I measured the resistivity of the film after 
10 min at different temperature from 0 to 350ºC. Figure 6-5 presents the conductivity on the left axis and the 
resistivity on the right axis for one layer of PEDOT:PSS. Figure 6-6 presents the conductivity and the resistivity 
for one layer of PANI. 
 
Fig. 6-4: Transmittance and reflectivity of a single layer of PANI and PEDOT:PSS deposited on sapphire 
substrate. 
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Fig. 6-6: Evolution of the conductivity of a PEDOT:PSS layer depending on the annealing temperature by 
using the hot plate under ambient air 
 
Fig. 6-5: Evolution of the conductivity of a PANI layer depending on the annealing temperature by using the 
hot plate under ambient air 
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As Fig. 6-6 and Fig. 6-5 show, the annealing of PEDOT:PSS achieved a maximum of conductivity at 250ºC for 
10 min. For the case of PANI this maximum was about 200ºC. Thus for the design of the Schottky junction using 
these polymer different annealing temperatures were applied depending on PEDOT:PSS or PANI. 
 
6-2 Fabrication of Schottky junction and investigation of photovoltaic 
properties of the GaN and InGaN films 
To demonstrate the photovoltaic effect of n-GaN and n-InxGa1-xN semiconductors, I fabricated Schottky 
junction devices using transparent conducting polymers (TCP). I employed two TCPs: PEDOT:PSS and 
polyaniline (PANI), because of their high electron affinity (about 5.2eV, which is the same as gold), their good 
conductivity and their high transmittance for the solar spectrum of about 80% from 300 to 1500 nm as I 
previously confirmed. These TCPs are known as p-type organic materials and are electrochemically stable 
conjugated polymers [8]. I elaborated a new contact structure on GaN or InxGa1-xN semiconductor, composed of 
the TCP and a thin Ti/Au front grid (20/20nm) deposited by an e-beam evaporator. With such a structure, I 
realized the Schottky junction with excellent properties as summarized in Table 6-1: 
 
Table 6-1: Schottky and photovoltaic properties of GaN and InxGa1-xN (x~0.10) films by using PANI and 
PEDOT:PSS for the Schottky junction. 
The Schottky properties displayed in Table 6-1 are presented in Fig. 6-7. Because of a larger amount of 
defects inside InGaN material, the reverse leakage current under negative bias voltage is two orders of magnitude 
higher than the GaN material. Furthermore the Schottky barrier height was reduced in the case of InGaN with a 
large ideality factor of the diode. We should note that the Schottky properties using the PEDOT:PSS on both films, 
GaN or InGaN, had better properties. Photovoltaic properties could be obtained by using these devices. The 
photovoltaic properties are summarized in Table 6-1, and presented in Fig. 6-8. For the photovoltaic properties, 
the devices using the PEDOT:PSS display better properties with larger Voc and Jsc compared to the device using 
the PANI film. The Voc for InGaN material was poor compared to the GaN film because of a higher amount of 
defects inside this material resulting in a lower-quality Schottky junction. 
 
  Schottky properties Photovoltaic properties 
  
SBH 
(eV) 
Ideality 
factor 
Voc (V) Jsc (mA/cm2) Fill factor 
PANI 
GaN 0.99 1.7 0.60 0.14 0.56 
In0.11Ga0.89N 0.71 2.8 0.11 0.25 0.28 
PEDOT:PSS 
GaN 0.90 1.05 0.67 0.33 0.69 
In0.09Ga0.91N 0.72 3.0 0.30 0.39 0.29 
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Fig. 6-7: (a) Schottky properties of the Schottky junction realized by PANI on n-GaN and n-In0.11Ga0.89N. (b) 
Schottky properties of the Schottky junction realized by PEDOT:PSS on n-GaN and n-In0.09Ga0.91N. 
 
Fig. 6-8: Photovoltaic properties of Schottky solar devices using PANI and PEDOT:PSS on n-GaN, n-
In0.09Ga0.91N and n-In0.11Ga0.89N films. 
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Unfortunately, these photovoltaic properties decreased after few days. I contacted the transparent 
conducting polymer by using silver paste which also contained some solvent. After annealing the device in order 
to evaporate the solvent of the silver paste, I believe that a few amount of solvent was kept inside the contact 
formed. This could contribute to the degradation of the Schottky and photovoltaic properties. 
To overcome this difficulty, I fabricated a new device consisting of a thin metallic deposition Ti/Au 
(20/20 nm) as a front grid on the PEDOT:PSS, because this transparent conducting polymer had higher Schottky 
and photovoltaic properties. This new device is presented in Fig. 6-9 (a). As the picture in Fig. 6-9 (b) displays, 
the active area of such a device can reach about 0.41cm
2
, which is larger than most of solar cells using small 
surface of GaN or InGaN films. 
By using such a device, for the n-GaN semiconductor, I obtained the best Schottky barrier height (SBH) 
of 1.15eV with a low ideality factor of 1.3 using PEDOT:PSS and compared to a Schottky junction that I 
fabricated using a thin gold layer of 70Å instead (Fig. 6-10) . I confirmed that the Schottky properties of n-GaN 
by using the PEDOT:PSS can reach the Schottky properties of thick metallic deposition Ni/Au with a Schottky 
barrier height of 0.88 and an ideality factor of 1.18 [13]. By using the front contact structure, I also obtained good 
photovoltaic properties with an improved fill factor of about 0.70 (Fig. 6-11) [14].  
 
Fig. 6-9: (a) Schematic illustration of the new Schottky solar cell device using metallic contacts on 
PEDOT:PSS deposited on GaN or InGaN films. (b) Picture of one device, the active area is about 0.41cm
2
. 
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Furthermore, by using this new device the Schottky properties could be kept and revealed almost no 
degradation with time. The evolution of the open-circuit voltage and the Schottky barrier height of the device A1 
(presented in Fig. 6-10 and Fig. 6-11 for the dark and AM1.5G light conditions) are displayed in Fig. 6-12. To 
check the stability of these photovoltaic properties, J-V measurement under AM1.5G and dark conditions were 
carried out on PEDOT:PSS/n-GaN A1 device. The device was kept in a box under ambient air. Figure 6-12 shows 
the evolution of SBH and Voc during two months, we should note that the variation of SBH and Voc are correlated. 
 
Fig. 6-10: Comparison of Schottky properties using PEDOT:PSS and a thin gold layer of 70Å on n-GaN 
 
Fig. 6-11: Comparison of Photovoltaic properties using PEDOT:PSS and a thin gold layer of 70Å on n-GaN 
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During the first 10 days, SBH increased from 0.95 to 1.10eV and then remained constant at 1.10±0.05eV 
corresponding to a Voc of 0.70±0.02V. The other parameters fluctuated inside their measurement uncertainties: Jsc 
at 0.30±0.05mA/cm
2
, FF at 0.70±0.04 and the ideality factor n at 1.35±0.10. This observation could be described 
by an oxidation at the surface of PEDOT:PSS layer. T. Nagata et al. [9] have already observed an enhancement of 
PEDO:PSS work function after an ozone exposure. This enhancement can be due to the formation of dipoles on 
surface, which lift the HOMO level of PEDOT:PSS (-conjugate polymer) towards higher binding energy as a 
result of oxidation. Even after 9 months, the devices exhibited a high Schottky barrier height (SBH) of about 1.17 
eV, a high open-circuit voltage (Voc) of about 0.71 V, and a fill factor of about 0.71 as presented in Table 6-2. 
However, only the short-circuit current (Jsc) decreased, which could be attributed to a possible degradation of the 
optical properties of the PEDOT:PSS layer. 
 
Table 6-2: Schottky and photovoltaic properties of the devices A1 and A2 observed initially and after 9 months. 
Devices 
Photovoltaic properties (AM1.5G) Schottky properties 
Voc (V) Jsc (mA/cm
2
) FF SBH (eV) n 
A1 (initial) 0.52 0.34 0.69 0.94 1.45 
A1 (after 9 months) 0.71 0.15 0.71 1.18 1.24 
A2 (initial) 0.66 0.34 0.73 0.92 1.83 
A2 (after 9 months) 0.72 0.17 0.72 1.17 1.26 
 
 
 
 
Fig. 6-12: Evolution of the open-circuit voltage (Voc) and the Schottky barrier height (SBH) of the device A1 in 
function of time 
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In Fig. 6-13, I observed an enhancement of the external quantum efficiency for larger spectra from 300 to 
420nm for In0.11Ga0.89N compared to GaN material (300 - 375nm), underlining the potential of InxGa1-xN as an 
active layer in photovoltaic applications. This larger absorption of the solar spectrum explains the higher Jsc 
observed for the InGaN film over the GaN (Fig. 6-8). 
 
Deep level optical spectroscopy (DLOS) analyses were also performed on my best Schottky devices 
using n-GaN to confirm if the new Schottky solar cell device could be used to study the deep level defects. The 
DLOS spectra of the devices A1, A2, A3 and B1 are presented in Fig. 6-14. Five photoemission states are 
identified for the device B1 at ~1.4eV (T1 with a concentration of 3×10
15
cm
-3
), ~1.7eV (T2: dislocation-related 
defect at 8×10
15
cm
-3
), ~2.1eV (T3: Ga vacancies at 11×10
15
cm
-3
, VGa 2
-
/3
-
 transition level) and/or the VGa-ON 
complex, ~2.8eV (T4: VGa-CN complex at 13.5×10
15
cm
-3
) and ~3.2eV (T5: shallow acceptor carbon (CN) at 
18×10
15
cm
-3
) under the near band (NBE) edge photoemission from GaN [15]. Three photoemission states are 
observable of the device using PEDOT:PSS at lower concentration denoted by T3’, T4’ and T5’. Unfortunately 
the signal obtained was weak and could also contain defects inside the polymer itself. Two explanations are 
possible: first, due to free charge inside the polymer, some defects inside n-GaN could be passivate electronically. 
 
Fig. 6-13: External quantum efficiency of Schottky solar cells using a Schottky junction realized by 
PEDOT:PSS on n-GaN and n-In0.11Ga0.89N films. 
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A second explanation can be from the signal attenuation due to the thickness of PEDOT:PSS on n-GaN. Other 
photoemission states below 2.3 eV seem to be generated from the polymer itself which could be attributed to the 
lowest π-π* transition of conjugate polymer [16]. For this matter, to analyze in detail the deep level defects inside 
n-InxGa1-xN as I presented in Chapter 5, I fabricated thick metallic contacts using Ti/Au layers (50/100 nm) and 
ohmic contacts using Ni/Au (50/100nm). 
 
6-3 Photovoltaic properties of p-n homojunction InxGa1-xN compared to p-i-n 
junction 
In this section, I fabricated a p-n homojunction In0.1Ga0.9N film. The doping of the n-type material was 
realized by Si doping and the doping of the p-type material was realized by Mg doping. The dark and photovoltaic 
properties of this homojunction were compared to a p-i-n structure using InGaN film. The devices of both 
structures are presented in Fig. 6-16. 
The XRD (0002)- and (     )-planes 2θ-ω scans for both structure are shown in Fig. 6-15. The InN mole 
fraction was estimated at about 10% for both structures. From (0002)-plane 2θ-ω scan, both structures show 
fringes beside InGaN peaks, which reveal the smooth interface between GaN and In0.1Ga0.9N layers. The full 
width at half maximum (FWHM) of In0.1Ga0.9N (0002)-plane rocking curves was about 0.089º for p-n 
homojunction and about 0.088º for p-i-n junction structure. Concerning the FWHM of In0.1Ga0.9N (     )-planes 
 
Fig. 6-14: DLOS spectra of Schottky solar cell using PEDOT:PSS/ n-GaN on left axis, and using Au (70Å) /n-
GaN on right axis. 
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rocking curves, it was about 0.164º for p-n homojunction and about 0.172º for p-i-n junction structure. The XRD 
analysis reveals high crystal quality for both structures. 
 
Photovoltaic properties of the homojunction In0.1Ga0.9N film could be observable, which is a proof for the 
enhancement of the crystal growth quality as I presented in Chapter 3. In Fig. 6-17, the photovoltaic properties of 
the homojunction In0.1Ga0.9N and the p-i-n junction In0.1Ga0.9N are compared. The photovoltaic properties of the 
homojunction are weaker than the ones of the p-i-n structures. The largest difference is the Voc of the two devices: 
1.1 V for the homojunction compared to 2.0 V for the p-i-n structure. Furthermore an enhancement of the Jsc from 
 
Fig. 6-15: XRD analysis of the p-n In0.1Ga0.9N homojunction and the p-i-n In0.1Ga0.9N junction for (a) (0002)-
plane 2θ-ω scan, and (b) (     )-plane scan. 
 
Fig. 6-16: Schematic structure of the p-n homojunction and p-i-n junction using In0.1Ga0.9N films. 
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0.6 to 0.9 mA/cm
2
 is also observed. This indicates that an intrinsic layer between the p-type and n-type InGaN 
material is necessary to increase the solar spectrum absorption, which leads to a higher Jsc, but also to extend the 
depletion layer resulting in a better junction quality, which brings about a better Voc.  
 
 
 
Fig. 6-18: Junction properties under dark condition for the p-n homojunction and p-i-n junction using 
In0.1Ga0.9N films. 
 
Fig. 6-17: Photovoltaic properties of the homojunction In0.1Ga0.9N (in red) compared to p-i-n junction 
In0.1Ga0.9N (in blue). 
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The junction properties under dark condition are presented in Fig. 6-18. The characteristic of both devices 
are unfortunately bad due to a large leakage current under reverse bias voltage. This leakage current is two orders 
of magnitude lower for the p-n homojunction certainly because the total thickness of InGaN material is smaller for 
this device compared to the p-i-n junction. Another possibility is the reduced amount of interface in the case of the 
homojunction device. An important point to notice is the low reverse voltage necessary to break the characteristic 
of the homojunction around – 3 V.  
Improvement of the InGaN material is still necessary to reach better photovoltaic properties by reducing 
the reverse leakage current. This reduction is certainly related to the unintended doping level of the n-type 
material and intrinsic layer. 
Although the p-n In0.1Ga0.9N homojunction solar cell does not reach the photovoltaic properties of p-i-n 
In0.1Ga0.9N junction, its properties are high compared to literature. B. R. Jampana et al. reported p- In0.15Ga0.85N / 
n-In0.17Ga0.83N p-n junction solar cells with a Voc of 1.11 V, a Jsc of 0.022 mA/cm
2
, and a FF of 42 % under AM 
1.5 with UV filter [17]. C. Yang et al. reported p-In0.18Ga0.82N / n-In0.15Ga0.85N p-n junction solar cells with a Voc 
of 0.43 V, a Jsc of 3.410
-2
 mA/cm
2
 and a FF of 57% [18] under 360 nm illumination. M. Islam et al. reported 
In0.25Ga0.75N p+-n junction solar cell with a Voc of 1.5 V, a Jsc of 0.5 mA/cm
2
, and a FF of about 50 % [19] under 
AM 1.5 illumination. Although the InN mole fraction of these solar cell devices is higher than 10 %, the short-
circuit current obtained was lower than the p-n In0.1Ga0.9N that I fabricated, which can be related to the 
recombination of photogenerated carrier with poor InGaN material quality. The XRD spectra of these devices 
revealed large full width at hall maximum (FWHM) for InGaN (0002) rocking curves, which is generally the case 
of InxGa1-xN at higher InN mole fraction. 
 
6-4 Conclusion 
Schottky solar cell devices using transparent conducting polymers such as PANI and PEDOT:PSS on n-
GaN and n-InGaN were realized. Good Schottky properties under dark conditions and photovoltaic properties 
could be achieved with the PEDOT:PSS. I improved the Schottky solar cell devices by depositing a thin metallic 
front grid directly on the PEDOT:PSS. Thanks to this device the active area of the solar cell could be increase to 
about 0.41cm
2
, which is larger than laboratory solar cells using InGaN. 
The p-n homojunction In0.1Ga0.9N shows some photovoltaic properties, which is a good advancement to 
employ InGaN as an active layer for photovoltaic devices. This homojunction had lower photovoltaic properties 
than p-i-n junction, which implies the necessity of an intrinsic layer in order to enhance the absorption and the 
depletion layer formed between the p-type and n-type InGaN layer. But, compared to literature, the photovoltaic 
properties of the p-n homojunction In0.1Ga0.9N fabricated are better with a Voc of 1.1 V, a Jsc of 0.6 mA/cm
2
 and a 
FF of 62 %. 
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To reach good p-n junction properties, it is essential to know the diffusion profile of dopants inside the 
material. Secondary ion mass spectroscopy analysis revealed a high diffusion of Mg elements inside InGaN. For 
the realization of p-n junction InGaN, a key point will be the precise control of the junction depth where the hole 
and electron concentrations are compensated.  
I fabricated Schottky junctions that were greatly improved by Mg compensation on n-type In0.07Ga0.93N 
films. The Schottky junction formed had a high Schottky barrier height of 1.18 eV, a low ideality factor of 1.07 
and a very low leakage current about 10
-8
 mA/cm
2
 at reverse bias voltage of -4 V. Thus it is worth trying to use 
the Mg compensation technique during n-InGaN and i-InGaN growth layer in order to reduce the unintended n-
type doping. For future studies, the Mg compensated InGaN process can be used instead of the intrinsic InGaN to 
reduce the large reverse leakage voltage observed for both homojunction and p-i-n junction using InGaN films. I 
hope it would enhance the photovoltaic properties observed in this study. 
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Chapter 7 
 
7- Conclusions and perspectives 
 
 
 
The principal purpose of this work was to study the potential of InGaN films for photovoltaic application. 
To successfully complete this project, I focused on four main tasks. First, I had to clarify the key parameters for 
the growth condition of InGaN films to control the material bandgap. Secondly, I had to analyze the band 
alignments of the device structure and especially between the p-GaN and InGaN layers where a band offset occurs. 
Thirdly, I needed to analyze the defects and deep levels associated to identify some possible recombination 
centers and understand their nature. Then finally, I fabricated Schottky junction and homojunction p-n devices to 
examine the photovoltaic properties of InGaN films. 
After the first and second chapter concerning the introduction of the purpose of research and the 
fundamental physics with the presentation of characterization techniques, the third chapter treated the 
optimization of the InGaN films in terms of crystal quality, electronic and optical properties, and the control of the 
material bandgap. The N2 ambient gas as carrier gas to grow InGaN was necessary. The ammonium flow, the ratio 
of metalorganic sources and the temperature are the key parameters to control the growth speed and thus the high 
crystal quality with a reduced unintended n-type material. With an ammonium flow of 10 sLm and a growth 
temperature of 1000ºC, the GaN layer could reach a lower free-carrier concentration of about 210
18
 cm
-3
 and a 
higher electron mobility of about 260 cm
2
/Vs. For the InGaN, the optimized growth conditions were an 
ammonium flow of 7sLm, a ratio of metalorganic sources of about 0.74 and a temperature range from 850 to 
750ºC to obtain InxGa1-xN films with the indium content of 6 < x < 15 %. Using these conditions, the global 
carrier concentration could be reduced down to 1~210
17
cm
-3
 keeping a higher electron mobility up to 180 
cm
2
/Vs for an InN mole fraction of 14%. The InN mole fraction is used to control the bandgap of the InGaN film, 
and I realized a strain growth of InGaN above the GaN epilayer until an InN mole fraction of 10%. Above 10%, 
the film starts to have a more relaxed growth mode and defects were greatly increased. Thus the modulation of the 
bandgap from 3.4 to 3.0 eV corresponds to an InN mole fraction from 0 to 10%. In the present status, this bandgap 
is still too large to be usable in a single p-n homojunction solar cell. Nevertheless it is possible to use its 
photovoltaic properties for the realization of a 4
th
-terminal solar cell structure using In0.1Ga0.9N on the top of the 
tandem structure. 
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The fourth chapter treated the band alignment analysis. The samples were analyzed by HX-PES at Spring 
8 to estimate the valence band maximum. I have found that the valence band maximum was shifted to lower 
binding energy when the InN mole fraction increased. The band offset between the valence band maximum of p-
GaN and i-In0.07Ga0.93N was estimated at 0.2 eV. Furthermore the GaN was found to have an upward band 
bending on surface instead of a downward band bending for InN films. I estimated for the first time that the Fermi 
level of InN material with a low carrier concentration of about 510
17
 cm
-3
 is located inside the bandgap of InN. 
Regarding the presence of the band offset between p-GaN and i-InGaN, it seems better to develop an InGaN p-n 
homojunction to avoid any barrier for the photogenerated carrier and especially for the hole transport. 
The fifth chapter developed the deep-level defect analysis. Three techniques were employed in order to 
extract the maximum information of these different deep levels: the thermal admittance spectroscopy (TAS), the 
deep level transient spectroscopy (DLTS), and the deep level optical spectroscopy (DLOS). The TAS 
measurement revealed two shallow donor defects at Ec-7 meV and Ec-108 meV. Judging from the bias 
dependency, the defect at Ec-7 meV was located homogeneously inside the film, which could be attributed to In 
fluctuation or VN vacancies. The defect at Ec-108 meV was found to be located near the surface, which could be 
attributed to some interface states. The DLTS analysis also revealed two defect levels located at Ec-22meV and 
Ec-0.6 eV. The first defect could be attributed to impurities like oxygen, carbon, residual silicon or VN vacancies. 
The second defect at Ec-0.6eV had already been observed for GaN material and could be attributed to VGa 
vacancies or its complex associated with oxygen impurities. Finally, the DLOS technique clarified five 
photoemission states due to the presence of deep level defects. The main defects for InGaN film were the ones 
located below the conduction band at Ec-2.07 eV and Ec-3.05 eV corresponding to VGa vacancies and their 
complexes associated with oxygen or carbon impurities and the shallow carbon CN or VN vacancies, respectively. 
All the defects contributed to the unintended n-type material for GaN and InGaN film. The deepest defects were 
linked with the VGa vacancies, which must be most responsible for the capture of photogenerated carrier. 
The sixth chapter developed the optimization of the Schottky junction devices using transparent 
conducting polymers on GaN and InGaN films. The photovoltaic properties were examined for both of these films, 
but because of more defects present inside the InGaN films, the photovoltaic properties obtained were poor. 
Nevertheless, the spectral response was extended down to 440 nm for the InGaN device, which implies the 
potential of these films for photovoltaic applications. The sixth chapter also presented the photovoltaic properties 
of a p-n homojunction In0.1Ga0.9N compared to a p-i-n structure. First of all, thanks to the optimization of InGaN 
layer deposition, I could obtain some photovoltaic properties for a pure p-n homojunction InGaN. By inserting an 
intrinsic layer, the Voc was greatly improved, which means that the depletion layer and the junction quality are 
also improved. Thus, the material quality is still low to be used for a p-n homojunction. In order to reduce the 
unintended n-type doping, Mg compensated doping layers were deposited on the surface of Schottky devices. The 
saturation current was considerably weaker than an conventional i-InGaN layer. A perspective of this finding is to 
use the Mg compensated layer as the n-type material for a p-n homojunction to confirm if the depletion layer is 
enhanced. Another utility of the Mg compensated layer is to help to assign more accurately the nature of the deep 
level defects present inside the InGaN layers. 
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However the photovoltaic properties of our devices are still limited bellow 1% of efficiency, after the 
determination of defects presented in this work, further studies need to be done in order to reduce the 
concentration of these defects or to passivate them electronically. For instance, the development of a rapid thermal 
annealing depending on the temperature and the ambient gas used, such as nitrogen or oxygen, related with the 
junction properties can open a path to post-fabrication processes for defects passivation. Another very interesting 
study could be to establish a correlation between the luminescent defects observed by cathodoluminescence and 
the rapid thermal annealing step used to clarify some defect behaviors depending on the ambient gas. 
Research is still necessary to improve the InGaN material quality and the InN mole fraction to decrease 
the material bandgap in order to promote this material for photovoltaic devices applications. The present study 
was successful for the understanding of the nature of defects generated, the knowledge of the band structure of 
InGaN material, and its opens a path to future processes of defects passivation, which will enhance the InGaN 
material quality for photovoltaic applications. 
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